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SPACE RESEARCH

INTRODUCTION

The first All Union Conference on Space Physics, organized by the ij
Commission on Research and Utilization of Cosmic Space of the USSR
Academy of Sciences, was held in Moscow between June 10-16. The main
purpose of the conference was to summarize the research performed pri-
marily by rockets and artificial Earth satellites.

On October 4, 1957, the first artificial Earth satellite in the
world was launched in the USSR; this marked the advent of man's direct
penetration of space. Since that time, space rockets have been sent
to the Moon, manned spacecrafts-satellites have been launched, and man's
entry into space has been accomplished. These successes belong primar-
ily to our country. Our scientists have obtained many new and interest-
ing results by means of modern satellites in the "Kosmos" and "Elektron"
series, and also by means of other space vehicles.

The conference included about 100 reports!, whose contents encom-
passed the majority of disciplines included in space physics: The upper
atmosphere, the lonosphere, radiation zones, interaction of solar cor-
puscular streams with the geomagnetic field, physics of the Sun and
cosmic rays.

Several experimental and theoretical reports summarized research
on the Earth's upper atmosphere, its structure and dynamics, and chemi-
cal composition.

Some of them were devoted to studying infrared radiation both of
the Earth, and of the upper atmosphere. The stratified intensity
distribution of atmospheric infrared radiation in the 0.8-40 micron
spectral region, with maxima at altitudes of 260, L20, and 500 km, was
discovered ~ this distribution was previously unknown. Interesting /4
data on lower atmospheric luminosity and data derived from analyzing it,
which were obtained during the flights of the spacecrafts "Vostok" and
"Voskhod", were discussed in the reports compiled with the participation
of cosmonauts V. V. Tereshkova-Nikolayev and K. P. Feoktistov. On the
basis of these data, the existence of a dust layer around the Earth at an
altitude of ~ 19 km was postulated.

Ionosphere research by means of mass spectrometers, different types
of probes, and radio methods has provided new information on the struc-
ture of ionized outer ionosphere regions and on the electromagnetic pheno-
mena taking place within the ionosphere. It was found.that above 1000-
1200 km the ionosphere primarily consists of protons - ionized hydrogen atoms.
Only a very small amount of ionized helium, which was discovered previously in

! It should be noted that the manuscripts for the majority of the reports
were obtained in October-November, 1964.

Note: Numbers in the margin indicate pagination in the original foreign
text.



other experiments at altitudes of T00-1000 km, was observed during the
1964 measurements by the scientific station "Elektron”. When the data
derived from studylng coherent radio frequencies emitted from the arti-
ficial Earth satellites were examined, several electron concentration
maxima were discovered for a prolonged period of time in the outer
ionosphere. These maxima were apparently caused by the complex, hori-
zontally nonuniform structure of the ionosphere, by the dynamics of
ionized particles, by plasma fluctuations, and by similar phenomena.
The mean altitudinal dependence was obtained for the electron concen-
tration in the outer ionosphere; this concentration did not exhibit
any unusual features in the 1000-2000 km altitudinal region, which was
observed previously iIn other studies.

Several reports were devoted to a theoretical examination of the
interdction between artificial satellites and the lonosphere. The theory
.of kinetic flow around bodies in a plasma plays an important role in arti-
ficial Farth satellite research. It makes it possible to study the
phenomena produced in the vicinity of the body- If these phenomena are
not taken into consideration (angular particle distribution, effect of
electric and magnetic fields), it is impossible to provide a correct
interpretation of the results derived from many measurements of differ-
ent parameters of an unperturbed plasma. Electromagnetic friction also
becomes significant at altitudes of 700-800 km and above. The future
study of plasma stability in the vicinity of a moving body and the formu-
lation of a probe theory, with allowance for the magnetic field, are of
great Importance.

Several reports examined different results derived from measuring the
structure of the magnetosphere, the radiation zones, the magnetic field of
the Farth, and corpuscular streams.

It can be seen from these studies that there 1s a close connection
between the behavior of the radiation zones and several geophysical
phenomena (variations of the Earth's magnetic field, behavior of the polar
ionosphere, etc.). In spite of the great abundance of experimental data,
it is still impossible to formulate a definite picture of the radiation
fields and the radiation streams surrounding the Earth. There is still no
comprehensive, established theory for these phenomena. The results of dif-
ferent experiments still do not agree, and sometimes diverge considerably
in quantitative terms.

The nature and mechanisms of radiation zone formation will no doubt
be reconsidered in the near future. There has been an active tendency to
explain the zone structure by considering the dynamics of plasma protons
entering the magnetic field of the Earth, particle capture in the geomag-
netic trap, and subsequent particle acceleration. This picture encounters
no contradictions from the energy point of view.

Electron streams, which were discovered in different experiments
outside of the radiation zones on the magnetosphere boundary, were

]



observed in the zones of radiation capture in the geomagnetic trap. This
is the plasma electron component which advances toward the Earth and which
is distributed around the Earth in a certain manner. Experimental data,
as well as the general physical picture of the magnetosphere structure,
provide no basis for assuming that there is even one so-called outermost
radiation zone.

The results derived from X-ray solar radiation research, which were
presented at the conference, present a fairly lucid picture of its pro-
perties and the energy spectrum of this radiation during a quiet Sun
period. Several new data characterize bursts of this radiation and their
connection with other phenomena.

It is interesting that during cosmic ray bursts, which are generated
on the Sun, their intensity in the interplanetary medium sometimes
increases by hundreds and thousands of times.

Measurements of cosmic radio emission intensity on the scilentific
station "Elektron", in the low-frequency wave range (725 and 1525 kc),
which can be performed only on satellites, revealed several interesting
properties of this radiation, the nature of which will only be understood
in the future.

Cosmic ray research performed on satellites provided data on the
chemlcal composition of their nuclear component, cosmic ray intensity at
different distances from the Sun, etc. One of these reports investigated
- as one of the main problems of future research - the possibility of
studying processes produced by very high-energy particles, which are
included in the composition of cosmic rays, in experiments on artificial
Farth satellites. This report also discussed the search for fundamental
elementary particles, particularly the so-called quarks predicted by
theory - i.e., particles with a charge which is 133 and 2/3 of the elec-
tric electron charge.

Individual reports were also devoted to the problem of satellite
meteorology, radiation safety of space flights, propagation of radiowaves
over millions of kilometers or in communication with cosmonauts, and sev-
eral other problems.

The scale and extent of research on space physics has increased con-
siderably in recent years. The scale of research being carried out still
leaves much to be desired. There is an obvious necessity of improving
the quality of experiments, the formulation of complex investigations,
and theilr comprehensive analysis. A search for more modern and comprehen-
sive theories of the phenomena being studied is requisite. There must be
an accelerated development of planetary research by means of space rockets,
expansion of experiments studying the galactic Y-radiation which has been
recently discovered, important research on the spectra of the eigen elec-
tromagnetic radiation of the interplanetary medium and of the planets,
and the solution of other space problems which are literally introduced by
scicnce each day. The abundant information which we have obtained from ZQ



experiments on artificial satellites and rockets provide the basis for
assuming that the time 1is approaching when we shall be able to formulate
a new, more modern and comprehensive theory for the formation of the
atmosphere and the ionosphere of the Earth, to understand the dynamics
of the interplanetary plasma, to create a theory for the formation of
the magnetosphere and the radiation zones, and to clarify the nature of
the most interesting phenomena which have been discovered in space.

INTRODUCTORY REMARKS BY THE PRESIDENT OF THE
COMMISSION ON THE RESEARCH AND UTILIZATION OF
SPACE BY THE USSR ACADEMY OF SCIENCES

Academician A. A. Blagonravov

Comrades! The first All Union Conference on Space Physics opens [T
today-.

Due to advances in rocket technology, today space physics has
unprecedented possibilities for development. Tens of satellites have
been launched into circumterrestrial space in the short period of time
which has elapsed since the first artificial Earth satellite in the
world was launched in the USSR. The weight of these satellites has
constantly increased, making it possible to deliver more up-to-date
scientific equipment into space.

The satellite orbits have become more diverse and complex, and
scientific equipment can be carried into new, previously inaccessible
regions of space. Measurements can be performed simultaneously on
several satellites, which can change their orbit during flight. Space
rockets have been launched into far-removed regions of space. The possi-
bilities for investigating the Moon and other planets are constantly
expanding.

Advances in radioelectronics and equipment design have increased the
amount of information which can be transmitted from the space vehicles.

Finally, man's flights into space and man's entry into the cosmos
have unfolded new possibilities for scientific research. The accuracy;
religbility, and authenticity of experiments have been augmented con-
siderably due to the participation of man. Problems which were inacces-
sible to the automats can be solved: These problems range from analyzing
data obtained and reformulating the observational program,up to the most
precise regulation of scientific equipment directly on board the space-
craft.



Advances in Soviet science and technology have opened up a wide vista
before space physics, and our problem is to successfully utilize all of
the possibilities for developing this new area of knowledge.

The problems of space research are attracting more and more atten-
tion from scientists in every country. The circle of countries directly
participating in space physics research is expanding. New research meth-
ods are being developed. For example, in France the rocket-carriers
"Diamant" are being developed; they are designed to launch satellites.
The Japanese rockets "Lambda'" make it possible to probe the Earthbk atmos-
phere up to an altitude of 1000 km; the rocket "Mu" is being developed to
launch satellites. Firing ranges for sounding rockets are being constructed
in such countries as Pakistan and Argentina.

The results derived from measurements on satellites and space rockets
have provided science with a great deal of new information regarding physi-
cal phenomena in circumterrestrial space and at considerable distances in
interplanetary space. The data obtained point to a very close connection Z@
between processes occurring on the Sun and those observed near the Earth,
in its atmosphere.

Our concepts of circumterrestrial space have changed significantly
due to such discoveries as a constant solar wind, 1ts interaction with
the Farth's magnetic field, and the existence of a gigantic charged parti-
cle trap near the Earth. Such phenomena as magnetic storms, the aurorae
polaris, and the radiation zones of the Earth are closely connected with
processes occurring on the Sun. Important data have been obtained on
magnetism in the solar system. They have shown that the Moon and Venus
apparently have very weak magnetic fields. At the same time, due to the
soler wind the geomagnetic field is localized in a limited area of space,
which can be called the magnetosphere of the Earth. Many other data and
i ,or wmnt new information have also been obtained on space.

The All Union Conference on Space Physics which opens today must
sumagrize all of the research which has been performed and must investigate
the prospects for, and problems of, future research.
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With certain exceptions, the section "Upper Atmosphere of the Earth"[lo
is primarily devoted to problems related to upper atmosphere properties
and to the processes occurring within it..

This section is opened by a report which discusses in random
order the concepts regarding the interconnection between differert upper
atmospheric processes and processes in circumterrestrial space, and
regarding the necessity of investigating them concurrently.

Many reports are devoted to determining and analyzing theoretically
the structural parameters of the upper atmosphere. Data are cited which
indicate the possibility of temperature inversion at an altitude of
150-170 km. However, it must be noted that this problem requires further
study in order to clarify the heat outflow mechanisms.

A portion of the reports is devoted to atmospheric optics and to
investigating atmospheric emission. In certain reports, optical observa-
tions or the spectral composition and atmosphere emission intensities are
employed to formulate a judgement regarding the lowest atmospheric layers
close to the Earth.

The volume of experimental information presented in the different
reports 1s quite extensive. However, there are still not enough data to
make a precise determination of all the different parameters and proper-
ties of the upper atmosphere. Further research and the compilation of
more extensive information are requisite; as a result of this, the results
obtained can be refined and it will be possible to compile a definitive
summary of our information regarding the upper atmosphere. This lack of
data also imposes an element of uncertainty in the theoretical interpre-
tation of different phenomena occurring in the upper atmosphere. There-~
fore, many theoretical studies, particularly those presented at the
Conference, purely reflect the opinions of the authors, and necessitate
further refinement.
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CERTAIN PROBLEMS OF UPPER ATMOSPHERE PHYSICS
AND SPACE NEAR THE EARTH

V. I. Krasovskiy

In a very brief summary, it is impossible to even lightly touch Z;l
upon all the very basic problems entailed in the physics of the upper
atmosphere and space near the Earth. We shall examine only one general
portion of these various problems here, which will illustrate the close
interrelationship between phenomena which are usually examined, analyzed,
and studied completely separately. Warming and circulation of the atmos-
phere, photochemical conversions and ionization, atmospheric emissions,
atomic and allotropic composition, periodic and sporadic geomagnetic
variations, aurorae polaris and outer corpuscular streams, and particu-
larly the phenomenon of "radiation zones or bands" (which has been arti-
ficially elevated to the rank of the most important and key phenomenon),
ete. - all of these phenomena will no longer appear to be even condi-
tionally separated after the comparison is completed. In order to evalu-
ate the methodological aspect of the problem, it is important to note
that important factual material which can be used to evaluate these
problems has been obtained, not only by means of rockets and satellites,
but also to a lesser extent by means of numerous observations and studies

performed on the Earth.

In practical terms, the total, general composition of the Earth's
atmosphere is conserved to a sufficient extent. All the various conver-
sion processes and processes of motion in the atmosphere are primarily
caused by energy transmitted by radiant and corpuscular radiation of the
sun. Above the equatorial and the mean latitudes, the main photochemical
and ionization conversions and heating are related to radial radiation.

It should be noted, however, that - although the absorption process of

this agent is sufficiently clear at the present time - data on this process
are still inadequate for formulating a definitive Judgement on such finite
phenomena as heating and degree of ionization.

The essential factor is that a significant portion of the heat is
liberated during inverse recombination proce€sses, occurring with a cer-
tain delay, which disturbs the cophasal relationship with the process of
radiation absorption. There are many gaps in this area. They can be
eliminated by means of direct observations in the outer atmosphere, by
observations performed on the Earth regarding its emission and ionization,
and algso by additional laboratory studies of the corresponding elementary
processes.

In the high latitudinal regions, a significant amount of energy is
sporadically introduced into the Earth's atmosphere, particularly during
the years of maximum solar activity. This energy is caused by streams of
energetic corpuscles which are apparently primarily particles of solar
corpuscular streams which change their energy. This factor causes par-
ticularly intense heating, chemical conversions, and ionization.
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Verification has also now been provided for the phenomenon of ocuter at-
mosphere heating due to magneto-hydrodynamic waves formed during the
interaction of solar corpuscular streams with the magnetic field of the
Earth. Basie, up-to-date information on the phenomenon of corpuscular
influx,accompanying the aurorae polaris and contributing to their geo-
magnetic perturbation, is constantly being obtained, not only by means of
rockets and satellites, but also by means of numerous observations per-
formed on the Earth.

It is our purpose to draw attention to the circulation processes in
the upper atmosphere at levels above 100-150 km, which have barely been
studied. However, as will be shown below, these processes have a signifi-
cant influence on all processes occurring in the outer atmosphere and
circumterrestrial space. The circulation process is directly related to
the process by which the outer atmosphere is irregularly heated; in addi-
tion to a certain tidal action, this is the primary source of circulation.

Present day information on circulation of the atmosphere is very 12
limited. We should first point out the generally-known diurnal solar
variations and the geomagnetic field, which are due to the variable in-
fluence of solar heating and tidul forces (Ref. 1). Unfortunately, data
on geomagnetic variations provide only a certain amount of information
on the strongly-averaged changes in atmospheric circulation on levels
which have not been established accurately, and do not provide any infor-
mation on the constant component of this circulation. The movement of
ionosphere nonuniformities (Ref. 2) apparently points to intense circu-
lation in the upper atmosphere with enormous dispersion of velocity and
direction. They seem to indicate that at altitudes of about 200 km, at
low latitudes on the average, winds predominate which coincide with the
rotational direction of the Barth. At latitudes of greater than 30-40°
on the average, winds predominate which have the opposite direction. How-
ever, data on the wind direction do not exclude, on the average, winds of
any meridional direction. After analyzing the evolution of the satellite
orbits recently, King-Hele (Ref. 3) discovered the existence of considerable
systematic wind movements at altitudes of 200-300 km in the rotational
direction of the Earth.

According to Chamberlain (Ref. 4), in the zone of the aurorae polaris
the regions of increased ionization are usually distributed more equa-
torially than the luminescent formations. To a certain extent, this
points to the existence of a wind going from the poles to the equator
at this time, since the conservation of ionization is a much longer pro-
cess than is radiation.

As is known, variations in the upper atmosphere density, caused by a
change in its heating (Ref. 5, 6), were determined by analyzing the braking
of the satellites. In a study by M. Ya. Marov (Ref. T7) which was performed
by means of this same method, variations in the atmospheric density at an
altitude of 170-300 km with the diurnal period and as a function of solar
activity - including the time interval encompassing its minimum - were
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clearly discovered on the basis of the braking of several Soviet satel-
lites. Even in 1958 (Ref. 8), when an:lyzing processes in the region of
the aurorae polaris, we showed that during the development of the aurorae
polaris, there is intense heating and "inflation" of the upper atmosphere
in this region. This primarily points to an increase in the altitudinal
extension of the region with intense emission of ionized nitrogen mole-
cules. An increase in the upper atmosphere temperature should be pointed
out in the region of the aurorae polaris red spots (Ref. 9-11), determined
on the basis of the Doppler width of the red oxygen emission. Tempera=-
tures extending up to 3500° K were recorded. Very intehse, red oxygen
emigssion also points to a high upper atmospheric temperature during
several aurorae polaris. Aurorae were also recorded in which, above the
300-kilometer level, the majority of oxygen atoms occurred in a meta-
stable state, whose energy of excitation was about 2 ev (Ref. 12). Al-
though this assumption was met with a very sceptical attitude in 1958,
"nevertheless there is now no doubt after Jacchia (Ref. 13) discovered a
density increase in the upper atmosphere at about 200 km during geomag-
netic storms, on the basis of the orbital evolution of the satellite

with the polar orbit.

Thus, it can now be confidently asserted that there is intense circu-
lation in the upper atmosphere and that there are processes which stimu-
late it. Apparently, there are winds having very different directions,
with velocities ranging from zerc to 3-1OL+ cmesec-1. However, the scheme
of general planetary circulation, its zonal sectional structure with verti-
cal ascending and descending currents,is not completely clear. Such de-

tails are very significant for many geophysical
circulation is indicated by local variations in

ty and pressure, particularly at high altitudes.

disturbs the normal molecular composition. The
amount of molecules leads to an increase in the

processes. Horizontal

the distribution of densi-
The vertical agitation /13

upward impact of a large

ion recombination coeffi-

cient, and therefore changes the degree of ionization and electro-conduc-
tivity of the ionosphere. The vertical and horizontal motion of the atmos-
phere is egssentially reflected in emissions of the upper atmosphere repre-

senting these processes.

During the last five to ten years, new upper atmosphere emissions have
been discovered and regularly observed in the Soviet Union (Ref. 14). Among
these, those of the greatest interest are the hydroxyl, atomic hydrogenl,

and helium? emission.

It has now been established that helium emission is

1 This pertains to the emission of atomic-hydrogen with a narrow Doppler

emission contour, in contrast to the previously known atomic hydrogen
emission of the aurorae polaris with a wide contour.

2 The discovery of crepuscular helium emission, and the determination of
its excitation mechanism which is only possible for a large helium con-
centration in the upper atmosphere (Ref. 15), preceded the development
of the newest atmospheric models with a large helium content at high

altitudes (Ref. 16).
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caused by fluorescence in solar radiation of metastable helium atoms ex-
cited by "fresh” photoelectrons formed during the ionization of the upper
atmosphere (Ref. 17). An analysis of this process shows that at altitudes
of about 500 km, the concentration of the neutral helium - taking into
account the gltitudinal temperature distribution and separation by diffu-
sion - closely coincides with its concentration on Earth (Ref. 18). How-
ever, an analysis of the hydrogen emission intensity shows that at levels of
about 100-200 km, the hydrogen concentration is significantly less than
those values which are provided by data on hydroxyl emission at levels
velow 100 km. Therefore, we must assume that atomic hydrogen disaprears
very rapidly from the upper atmosphere due to a very high temperature,
which is nevertheless insufficient for similar dissipation of the heavier
helium atoms. The dissipation of hydrogen will be most intense in regions
with a higher temperature. Atmospheric circulation supplies hydrogen
reserves to this region from other regions, and therefore it is wvery
important in an analysis of the general planetary distribution of atomic
hydrogen in the upper atmosphere.

As we have already reported (Ref. 19—23), as a result of analyzing
results obtained by means of the satellites "Kosmos-3" and "Kosmos-5",
we arrived at the assumption that there is an electric field in the mag-
netosphere. Ionosphere circulation, having a velocity amounting to sev-
eral hundreds of meters per second in a direction which is perpendicular
to the geomagnetic field (having an intensity of 0.3 to 0.6 oe), creates
an electromotive force amounting to 10 *veem ', As a result, each sec-
tion of the lonosphere acquires a certain eigen electric potential which
is transmittedto the plasma occupying the geomagnetic tube operating in
this section, since the electroconductivity of the plasma along the geo-
magnetic force lines is large. The electric field strength, which is
less than lO'4v-cm_l, 1s significantly less than the values indicated by
certain authors (Ref. 2&-26) as a result of their direct measurements in
the ilonosphere. The impression is gained that these results are erroneous.
Nevertheless, even values from 107 *v-cm ! and less open up new possibili-
ties for interpreting the phenomenon of the aurorae polaris and their so-
called radiation zonegs. In the preliminary summary presented below, which
attempts to consider new possibilities, we have neglected the fact that in
the real ionosphere, the wind velocities and direction, as well as the
electroconductivity, change with altitude.

Figure 1l,a, shows schematically a certain meridional band of the
lonosphere (solia line). As a result of circulation, the electromotive .Z;E
force AV is excited between its points Ai and B;. At the points A; and
B1 the geomagnetic force lines enter the ionosphere, leaving points Ag
and By in the same ionosphere zone in another hemisphere. These points are
designated schematically by the dashed lines. However, there is no electro-
motive force in the A; and B, section. The electric resistance of the cor-
responding sections is indicated by the letter R with different indexes.
Figure 1,b, schcmatically presents an approximate scheme of the electric
charge. The resistance R models the total resistance of the ionosphere be-
tween points By and B;. gince the electric resistance along the geomagnetic
force line is too small, the voltage decrease will be determined only by the
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Figure 1

resistances ARl and AR, . On the average, these resistances are approxi-
mately the same. Therefore, the potential difference between the adja-
cent geomagnetic force lines will be approximately equal to AV/E. if
there is an electromotive force AV in the A, and B, section, having a
direction which is symmetrical with respect to the point O at the equa-
tor, then the potential difference between the adjacent geomagnetic lines
will equal AV. Usually the electromotive forces in both hemispheres
always tend toward being symmetrical. Therefore, irregardless of whether
there is no electromotive force in one hemisphere, the potential difference
between adjacent geomagnetic lines will not be less than V/2. Thus, the
possible values for the potential difference AE will range from AV to AV/2.
AR can be calculated according to the formula

AVAR; AVAR, AV
‘ AReRy T ARi+ AR, T 2
ARr%Hr+ARr+Kﬁ;%%a A

(AR, ~ ARy).

AE =

The potential difference E between the point O at the equator and any
geomagnetic line, operating at any point A, will be determined by the total
of the individual potential differences throughout the entire length from
O to A. This system of electromotive forces is produced by wind motion
along the parallels. If the wind direction is from the west to the east,
then the outermost geomagnetic tubes will have a more negative potential
with respect to the equatorial ionosphere, and vice versa. The electric
field strength around the apex of the geomagnetic force lines will be less
than the intensity of the electric field in the ionosphere by a factor approx-
imately equal to the square of the ratio of the distance of the geomagnetic

force line apex from the center of the geomagnetic dipole to the Earthk radius.

Figure 2, a, schematically shows by means of heavy lines two adjacent
meridional zones of the ionosphere. The thinner perpendicular lines repre-
sent the position of the geomagnetic parallels in both hemispheres. The le
dashed lines represent the geomagnetic force lines. The electric resistances
of different sections are desgignated by the letter R with different indices.
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Figure 2

The electromotive force AV can occur either in both A, B, and A,, B,
sections symmetrically with respect to the equator, or in one of the sec-
tions. Figure 2, b, presents an approximate scheme of the electric loading
for this case. Resistances Ry and Rp model the total resistance of the
lonosphere between the points Al’ A, and B, B,, respectively. If the

same line of reasoning is pursued as in the case of circulation along the
parallels, we find that in this case, the potential difference AE between
adjacent geomagnetic force lines will range from AV to AV/2. In this case,
AE can be calculated according to the following formula:

AVAR AV

AE=- - n.nr,, T R, T2
Aty g AR T,
(HAO<RA, Rpo <<€ Np,

AIZ-saAI?>.
Rao <€ ARy, Rpo <€ ARy~ F ?

This system of electromotive forces is created by the wind movements along
the meridians. If the winds move from the equator to the poles, then the
induced electric field will be directed from the east to the west, perpendi-
cularly to the meridional planes, and vice versa. The intensity of the
electric field between adjacent apexes of the geomagnetic force lines will
be less at different longitudes than the intensity of the electric field in
the ionosphere, by a factor which approximately equals the ratio between
the distance of the geomagnetic force line apex from the center of the
geomagnetic dipole and the Earth's radius.
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1t should be noted that even for asymmetrical circulation of the
upper atmosphere in both hemispheres of the Earth, similar electric fields
occur due to the high electroconductivity of the geomagnetic force lines
at their terminal points. This fact is very significant for explaining
the identical structure of the northern and southern aurorae polaris and

their development.

In the case of an electric fileld in the magnetosphere, an additional
drift of charged particles will appear which will be combined with the
drift caused by the magnetic field gradient and the curvature of the geo-
magnetic force lines (Ref. 27). The velocity of the additional drift in
the electromagnetic field can be determined according to the well-known

expression: /16

;4078 _1
V= —p- cM - sect,

where E is the intensity of the electric field in veem~!; H is the inten-
sity of the magnetic field in oersteds. 1In the absence of an electric
field, the velocity of the usual drift V, can be approximately written as

Vo~ 1,6W R,

where W is the energy of a charged particle in electron volts; R is the

ratio of the distance of the geomagnetic force line apex from the center
of the geomagnetic dipole to the Earth's radius; o is the dimensionality
coefficient and has a numerical value of unity.

Since the drift velocity in an electromagnetic field is primarily
determined by the wind velocity, the former can be expressed by the latter
(H barely changes within very small limits from 0.3 to less than 0.6 oe
in the ionosphere since the pre-polar regions are not considered). However,
the drift velocity will be different for winds having a meridional direc-
tion and a direction which is perpendicular to it. In the case of meri-

dional winds, we have

Vi~V R2sind

and in the case of winds along the parallels we have
V'. —~ I]“ /i,

where V and V, are the velocities of the corresponding winds in the
ionosphere; R - the ratio of the distance from the geomagnetic force line
apex to the center of the geomagnetic dipole to the Earth's radius; J -
inclination. Both positive and negative particles will always drift with
meridional winds directed from the equator to the poles, within the geo-
magnetic field and vice versa. For winds along the parallels, these parti-
cles will always drift along the parallels in a direction which is opposite
that of these winds. The circulation system of the upper atmosphere and
the system of electric fields created by it are complex in nature. In
principle, it is always possible to regard both the meridional component
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and the perpendicular component as constant in time and changing with
different characteristic geophysical periods. Since we do not know the
exact wind velocities and directions at high altitudes, we shall confine
ourselves to approximate oriented examples, assuming that the wind
velocity equals 3-10”cm-sec'1.

At a distance of two radii from the center of the Earth, perpendicular
winds will shift particles from the apexes of single drift areas to others
with a velocity of 1,000 km/hour, which corresponds to a shift of 4° per
hour along the geomagnetic latitude. At a distance of 7 earth radii -
i.e., in the region corresponding to the aurorae polaris - winds having
a similar direction will produce shifts with a velocity of 55,000 km per
hour, which corresponds to a shift of L0° per hour along the geomagnetic
latitude. A supplementary drift velocity caused by electromagnetic drift,
produced by ionosphere winds along the parallels, will equal 6-10% and
2:10°cm*sec”! at a distance of 2 and T radii from the center of the Earth,
respectively. We should point out that at these distances, charged parti-
cles having an energy of about 10 and 3 kev, respectively, will have this
drift velocity inan electrically neutral geomagnetic field. These energies
are most characteristic for electrons exciting the aurorae polaris.

In the case of combined drift, the energy of drifting, charged parti-
cles will change periodically or randomly, depending on the characteristics
of the ionosphere circulation. Significant effects will result from drift
related to winds having a meridional direction. For one drift rotation Z}I
of an energetic charged particle around the Earth, the mean intensity of
the electric field - caused by a narrow band of meridional winds - will
equal zero. When 1t moves above the system of winds passing from the
equator to the poles, the particle will drift from the normal drift areas
to the drift areas having smaller L, increasing its energy. When it moves
outside of this system, the reverse process will occur. When it moves
above a system of winds going from the poles to the equator, the particle
will drift from the normal drift areas to drift areas with larger L, de-
creasing its energy. When it moves outside of this system, the reverse
process will occur. An energy change at any section of the drift path
in these cases will not depend significantly on the distance of the drift
trajectory apex from the Earth. It will be determined by the total
electric field change in the ionosphere, directed along the corresponding
geomagnetic parallels. If even a small field strength is assumed in this
direction - for example,_lO'S‘v-cm'1 - then the energy change along the
parallels above the 1,000 km section is 1 kev.

When the charged particles change from single drift areas to others,
for winds of any direction the altitude of the specular points changes.
When the particles move from larger L to smaller L, the specular points
of the charged particles having any sign descend to lower altitudes, since
the isolines of the magnetic field strength are located at smaller L below.
When the particles move from smaller L to larger L, the opposite process
will occur. In the first case, it is possible that the drifting particles
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will pour out more intensely, if the specular points descend to the more
dense portions of the atmosphere at smaller geomagnetic latitudes.

However, during these movements the energy, and consequently the
pitch-angles, of the drifting charged particles change, which complicates
the picture considerably. If there is a decrease in the pitch-angles,
the specular points will descend to an additional extent, and if there
is an increase in the pitch-angles, the specular points will increase to
an additional extent. If the energy of a charged particle increases as
a result of the combined drift in electric and magnetic fields, then the
pitch-angles will increase, and vice versa. The wind component, directed
along the parallels, forms radilally-directed electric fields, which have
a different influence upon the positive and negative particles. If these
electric fields are formed by the wind component moving in the direction
of the Earth's rotation, then the pitch-angles of the negative particles
will increase when the charged particles descend from larger L to smaller
I, while the pitch-angles of positive particles will decrease. With a
rise in the charged particles, the reverse will be the case. If these
electric fields are formed by the wind component moving in a direction
which is opposite to the Earth's rotation, when the charged particles
descend from larger L to smaller L, the pitch-angles of the negative
particles will decrease, while the pitch-angles of the positive particles
will increase. When the charged particles ascend, the reverse will be
the case. Thus, diverse conditions are created for positive and negative
particles pouring out, depending on the wind direction along the parallels.
It is interesting to point out in this connection that during the aurorae
polaris, small-energy protons pour out outside of the regions having the
most intense electron streams (Ref. 4, 21, 23). Electric fields influence
charged particles with small energies to the greatest extent. Such phe-
nomena were very recently analyzed by foreign authors (Ref. 28-30).

Winds directed along the parallels could not lead to significant
changes in the drift areag for a geomagnetic dipole which coincides with
the center of the Earth. In this case, there would only be a certain
acceleration or retardation of the charged particle drifts around the
Earth. However, the picture 1s essentially different, since the geomag-
netic dipole is actually shifted with respect to the center of the Earth Zl@
from the longitude of the Atlantic to the longitude of Indonesia. As a
result, the areas of normal drift in the geomagnetic field which is elec-
trically neutral penetrate to small altitudes above the longitudes of
the Atlantic, and to large altitudes above the longitudes of Indonesia.
However, areas having identical potential difference with respect to the
equatorial ionosphere penetrate to large altitudes above the longitudes
of the Atlantic, and to small altitudes above the longitudes of Indonesia.
As a result, the customary drift areas in an electrically neutral geomagnetic
field are located at lower altitudes above the longitudes of the Atlantic,
and at higher altitudes above the longitudes of Indonesia. However, areas
with the same potential difference with respect to the equatorial ionosphere
occur at higher altitudes above the longitudes of the Atlantic and at
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lower altitudes above the longitude of Indonesia. This takes place, due
to the fact that in the ionosphere isolines, having identical electric po-
tential with respect to the equator, are located at different distances
Trom it due to dissimilar magnetic field strength. Due to the large
strength of this field, these distances are smaller at the longitudes of
Indonesia than they are at the longitudes of the Atlantic. However,
magnetic tubes, operating on one and the same isolines, correspond to
larger L above the longitudes of the Atlantic than they do above the
longitudes of Indonesia. This is shown schematically in the cross section
of the geomagnetic equator plane in Figure 3, in an exaggerated manner.
The letter O designates the center of the Earth, while the letter M desig-
the center of the geomagnetic dipole. The small circle, drawn with the
heavy line, indicates the distance from the center of the Barth, to which -
in the case of a geomagnetic field which is electrically neutral - the
apex of the drift area descends. The specular points of this drift area
above the region of the Atlantic are located on those dense atmospheric
regions where drifting particles perish. The cross sectlion of this area
is represented by the dashed line. It is impossible lor charged particles
to exist for a long period of time at the lower drift envelopes. The dot
designates the point at which the geomagnetic force tubes having identical
potential intersect the plane of the geomagnetic equator. Due to non-
uniformity of the ionosphere winds, this cross section can actually be
crooked. Charged particles having small energies will drift close to the
areas of equal electrical potential, while charged particles having large
energies will drift close to the drift areas in the geomagnetic field
which is electrically neutral. The fine line represents the equatorial
contour of a certain over-all drift trajectory corresponding to particles
having average energy. It shows that, in the case of an electric field,
other, lower drift areas are possible below the normal maximum drift.

The locations of the specular points are shifted - with respect to the
corresponding regions of the upper atmosphere, the rotational axes of the
Farth, and the geomagnetic dipole - in a similar manner to the equatorial
cross section of the drift areas shown above. Figure 3 shows that at low
altitudes hard particles will predominate at longitudes of the Atlantic,
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while goft particles will predominate at longitudes of Indonesia.

V. V. Temny (Ref. 31), as well as many other authors (Ref. 32), has
confirmed the fact that the intensities of protons having energies greater
than 50 Mev for L which are smaller than 3 can be expressed in the usual
B,L-coordinates with small dispersion. However, V. V. Temny (Ref. 33),
as well as O. L. Vaysberg and F. K. Shuyskaya (Ref. 3L4), could not clearly
represent the intensities of electrons having energieg of 50-150 kev in
these usual B,L-coordinates, due to the large dispersion. The dispersion
observed clearly depends on longitude and possibly on local time, since
at longitudes corresponding to the data obtained by means of the satellites
"Kosmos-3" and "Kosmos-5", there was a definite local time in the majority
of cases. O. L. Vaysberg and F. K. Shuyskaya alsoc observed an anomaly in
the electron distribution with respect to pitch-angles at longitudes of
Fast Africa. This anomaly consisted of the fact that at certain longi- Z}g
tudes, at one and the same L and B, electrons having energies greater
than 50 kev have a velocity distribution diagram which is flatter in a
direction which is perpendicular to the geomagnetic force lines, and
this anomaly is accompanied by a decrease in the stream intensity of
these electrons. T. M. Mulyarchik (Ref. 35) showed that at certain alti-
tudes very hard electrons having energie. greater than 50 kev are observed
at Atlantic longitudes, while softer electrons are observed at Indonesia
longitudes. These facts, it seems to us, point to the existence of elec-
tric fields 1in the magnetosphere, as was postulated above.

The existence of an electric field in the magnetosphere with constant
and variable components substantially changes the concepts which have
existed up to the present regarding the almost stationary radiation zones.
In view of the statements given above, the space around the Earth appears
to be an almost ideal trap for energetic charged particles, although
effective methods for these articles to penetrate this t -ap have not yet
been found. Speaking figuratively, one could say that i- is similar to
a "sponge'", which can "absorb" and "squeeze out" the energetic charged
particles and thus change their individual energy. In those cases when
the meridional winds, which pass from the equator to the poles, penetrate
the geomagnetic latitudes at which the geomagnetic force lines of the
boundary regilons of the magnetosphere are at rest, canals appear for the
penetration of the outer, interplanetary plasma, or of the solar wind,
deep into the magnetosphere. When the meridional winds move in the re-
verse direction, the energetic charged particles are removed far beyond
the limits of the magnetosphere. The random nature of the ionosphere wind
structure is accompanied by energetic charged particles being scattered in

the magnetosphere.

At one time, attempts were made to regard the radiation zones as the
primary source of the aurorae polaris. However, from an energy point of
view such an assumption is erroneous. In the so-called outer radiation
zone, the energy flux of trapped particles does not exceed 10 erg-Cm"z-sec"l,
even in its center around the equatorial plane. A flux is implied which
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equals 108 particles-cm~ 2.sec~ ! with a clearly exaggerated individual

particle energy of about 102 kev, which is greater than the usual kev

in the case of the aurorae polaris electrons. It could hardly be serious-
ly expected that such fluxes create the powerful aurorae polaris having
the intensity 4 on the international scale. The mean radiation flux of
such aurorae amounts to 200 erg-cm-2.sec™! (Ref. L), which is less than
the energy flux of corpuscles causing this phenomenon. It should be kept
in mind that the actual flux of liberated energy in individual concen-
trated formations - for example, rays - usually exceeds the mean value
indicated above by a factor of two. TFor purposes of clarity, we should
remember that very weak aurorae polaris, having an intensity of 1 on the
international scale, are 1,000 times weaker than aurorae having an inten-
sity of 4. Adjacent intensities differ from each other by a factor of
10.

It is also frequently stated that during the aurorae polaris an un-
interrupted acceleration of the eigen Earth particles is initiated in the
radiation zones, by a method which has still not been determined. In-
creasing the eigen energy, these particles penetrate the denser portion
of the atmosphere and excite the aurorae polaris. However, this entire
phenomenon is probably due to the absence of an adequate amount of low-
energy charged particles, or an uninterrupted influx of them, in the
corresponding equatorial regions of the magnetosphere. The low-energy
charged particles in the central regions of magnetic tubes can be aug-
mented only by a thermal plasma stream from the boundary of the exosphere.
The inverse energy flux of such accelerated particles will always be less
than 2Unv/6,WMﬂe U is the mean energy acquired after acceleration by these
particles; this energy approximately equals 10-° erg (~10 kev). n repre- /20
sents the number of ion pairs per 1 cm”™ at the boundary of the exosphere;

v is the thermal velocity of heavy ions. A helium ionosphere having a
temperature of about 2,000° K usually predominates at the boundary of

the exosphere. Therefore, the number of ion pairs will be on the order of
10" em- 3, and the velocity of heavy ions will be about 3- 10°%cm.sec~! Thus,
the largest possible energy flux obtained in this way will be less than

10 erg-cm'z-sec‘l. It cannot provide the aurcrae polaris which are usually
observed in actuality.

Particular attention must be called to the fact that the energy den-
sity of corpuscular streams in the region of the aurorae polaris frequently
considerably exceeds the energy density of the geomagnetic field in the
equatorial plane for the same geomagnetic force line. Actually, in
aurorae polaris having an intensity of 4 on the international scale, the
energy density of the corpuscles will be greater than 10~ 7erg-cm-3, since
only the outflow of energy by means of radiation exceeds 200 erg- em™ 2+ sec-
whlle the velocity of electrons having an energy close to 10 kev equals
2:10 %em-sec-!. At the same time, the density of magnetic energy at the
magnetosphere boundary for geomagnetic force llnes operating in the aurorae
polaris zones (L ~ 7), equals approx1mately 4.10-8 erg.cm” >, since the mag-
netic field strength i1s close to 10-3 oe at this point. Compression of

1
)
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the charged particle streams by a factor of several tens, when they move
from the equatorial plane to the polar ionosphere, is possible due to

acceleration by the electric fields.

It is thus difficult to establish the fact that there 1s a regular
dipole field (Ref. 36) during the aurorae polaris in the region which
they occupy. However, the usual concepts based on the existence of this
field have been formulated regarding the radiation zones formed by ener-
getic charged particles which - figuratively speaking - are smoothly
"wound around" the Earth and which form a solid frame around it. During
the aurorae polaris, the variety of corpuscles observed fully corresponds
to the variety of particles recorded in the radiation zones. This provides
a basis for assuming that the predominant amount of particles in the
radiation zones, as oObserved in the absence of the aurorae polaris, repre-
sents an insignificant surplus of the mass of particles discretely occu-
pying certain locations in the magnetosphere during the aurorae polaris,
and then scattering into more extensive regions. This assumption does
not exclude the fact that the geomagnetic field may trap very energetic
protons and electrons formed during the decomposition of albedo neutrons
of cosmic rays. However, the role of this process is not important due
to the small total density of particles having very high energy. The
data obtained from the satellites "Kosmos-3" and "Kosmos-5" indicate that,
even in the so-called inner zone, the total energy of electrons having

small energy dominates (Ref. 19, 20).

Present day factual knowledge regarding the aurorae polaris has been
enriched by numerous documents and examples of the penetration of charged
particles from high latitudinal, geomagnetic force lines to low latitudinal,
geomagnetic force lines (Ref. 23). The influx of corpuscles, which over-
lap in terms of latitude by several tens of degrees, has been recorded.
Enormous irregular energy release in the ionosphere during the aurorae
polaris leads to intense and irregular heating of it, as well as complex
circulation. As a result, fluctuating magnetic and electric fields are
formed 1in the corresponding regions of the magnetosphere. Under these
conditions, the drift of energetic charged particles and of luminescent
formations of the aurorae polaris, which are created by these particles,
becomes possible at an enormous velocity and in very diverse directions.

Due to the similarity mentioned above in the electric fields at the terminal
points of one and the same geomagnetic force lines, the structure of the
formations in the northern and southern aurorae polaris, as well as their
development, is similar. As is known, luminescent elements of the aurorae Zgl
polaris move at an altitude of 100-150 km in all directions with velocities
of several km-sec'l(Ref. 23). This corresponds to a drift of charged particles
in the equatorial plane, with velocities on the order of tens of km-sec*l,
since the magnetic field strength in this region is on the order of 10-3 oe.
Thus, the observed drift points to electric fields with an intensity of
approximately several tens of mkv-cm 1, which is very unlikely.

The lower boundary of the aurorae polaris, their spectrum, and the
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position of their accompanying centers of ionosphere absorption provide
valuable information on the nature and the energy of corpuscles creating
the phenomenon of the aurorae polaris (Ref. 4, 23). It has been estab-
lished from observations performed on Earth that the main energy libera-
tion of the aurorae polaris is related to electrons having energies of
about 10 kev. During the development of ray-like structures, there is a
certain proportion of electrons with an enormous energy. Sometimes, both
before and during the aurorae polaris, there is an influx of protons
having energies of tens and hundreds of Mev into the Earth's atmosphere.

The phenomenon of the aurorae polaris also provides rich information
regarding the nature of the interactions between the solar wind plasma
and the magnetosphere, as well as the upper atmosphere (ionosphere) of
the Earth. The electric field in the magnetosphere, which causes circu-
lation of the upper atmosphere, cannot change the potential of the polar
ionosphere with respect to the interplanetary plasma. The solar wind
moves from the Sun to the Barth at velocities of several hundreds up to
several thousands of km-sec™! (Ref. 37). However, it has been established
on the basis of research that the contour of the hydrogen emission of
the aurorae polaris at the magnetic zenith indicates that protons, pene-
trating the dense regions of the atmosphere, have velocities starting at
zero and extending to thousands of km-sec'lg the main portion of these
protons has velocities corresponding to several hundreds of km-sec-!

(Ref. 38-L40).

This occurrence may possibly be explained by the fact that during
the aurorae polaris the ionosphere acquires a positive potential, reaching
tens of thousands of volts. As a result, braking of the primary solar
protons occurs, after which particles having zero and small velocities
appear. The positive recharging of the Farth's ionosphere is completely
possible, since at the boundary of the magnetosphere the Larmor radius
of the solar wind protons is greater than that of its electrons. In
addition, such recharging provides for the acceleration of the solar wind
electrons due to the energy loss of its protons. It follows from the geo-
magnetic disturbances that electric jet streams flow from the illuminated
side to the nocturnal side in both the eastern and western portions of the
aurorae polaris zones (Ref. 1). This also points to the fact that the
sections of the ionosphere and the magnetosphere which face the Sun have
a more positive potential than do their nocturnal sections.

It is difficult to observe any traces of the influence of weak eigen
magnetic fields of solar wind in the complex picture of the aurorae polaris,
which is determined by the diverse structure of the electric fields created
by ionosphere circulation. However, a certain indication that they exist
may be suspected in the fact that streams of more energetic electrons
having small intensity - which is observed in ionosphere absorption (Ref. 23)
- appear simultanecusly with the development of ray-like structures and
with an increase in aurorae polaris brightness produced by electrons
having an energy of about 10 kev. It is improbable that two groups of
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electrons having different energy spectra will appear simultaneously
during the process by which energy is redistributed between protons and
electrons of the solar wind at the boundary of the magnetosphere. How-
ever, charged particles having higher energy can be carried from the Sun
to the "trap" formed by the eigen magnetic fields.

From this point of view, it 1is very interesting to recall the exis-
tence of two types of aurorae polaris. The first is primarily charac-
terized by energy release caused by electrons having an energy of about
10 kev. The other type is characterized by very intense heating of the Zgg
upper atmosphere due to magneto-hydrodynamic waves; this is not accom-
panied by significant energy release caused by low-energy corpuscles,
although a certain amount of heavier particles, forming ionosphere ab-
sorption, penetrates into the lower regions of the atmosphere. It is
very possible that the difference indicated above can be related to the
degree of magnetization of solar corpuscular streams. However, this
can be caused by the type of circulation in the upper atmosphere in the
high latitudinal regions. As has already been pointed out, when the winds
move from the equator to the poles, suction of the outer plasma within the
maghetosphere 1s possible; when the winds move in the opposite direc-
tion - the reverse process occurs. It i1s fully possible that the variable
wind structure in the polar ionospheres causes very significant fluctua-
tions (by several orders of magnitude) in the intensity of the aurorae
polaris (and the geomagnetic disturbances corresponding to them), whereas
the recorded changes in the streams of solar wind particles are small
(Ref. 37). A great deal of very important research must be carried out
before definitive conclusions can be reached. Our working hypothesis,
which is introduced for verification, assumes that the ionosphere circu-
lation only produces factors which control the aurorae polaris. This dis-
tinguishes this hypothesis from the o0ld, well-known "dynamo theory", in
which ionosphere circulation was regarded as the energy source of the
aurorae polaris (Ref. L4l1).

Satellites and rockets have still not been sufficiently and effec-
tively utilized in studying such an important geophysical phenomenon as
the aurorae polaris. The main reason for their ineffectiveness lies in
the fact that they pass very rapidly through the very mobile and concen-
trated forms of the aurorae polaris, having a diameter which sometimes
amounts to hundreds of meters. Therefore, it is very important to study
the aurorae polaris simultaneously by means of equipment on the Earth.
Rockets and satellites must study the most important problem of investi-
gating the aurorae polaris during the daytime, when it is impossible to
perform observations on the Earth. The dynamic morphology of the aurorae
polaris contains many elements which have still not been studied and which
undoubtedly are of general scientific interest. This is due to the fact
that the behavior of the plasma in a magnetic field is clearly apparent
in the phenomenon of the aurorae polaris, on scales which cannot be pro-
duced under laboratory conditions or cannot be cobserved in detail in

space.
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In summarizing all of the statements made above, we can affirm that
only a complex study of all the diverse geophysical phenomena, employing
both rockets and satellites as well as equipment on the Earth, will be
most effective and productive. The material presented above has illus-
trated the direction in which our research has developed, the results pro-
duced by this research, and what appear to us to be the most advantageous
elements in the performance of future research.

Chapman, S.,

Narayana Rao,
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DENSITY AND TEMPERATURE OF THE ATMOSPHERE BASED ON
MEASUREMENT RESULTS OBTAINED ON HIGH ALTITUDE
GEOPHYSICAL AUTOMATIC STATIONS IN 1963

V. V. Mikhnevich

In order to study the properties of the upper atmosphere, on June 6
and 18, 1963, rockets were launched with high altitude geophysical auto-
matic stations (AGAS). 1In addition to the scientific research equipment,
the stations also included ionization and magneto-discharge manometers,
with which density, pressure, and temperature of the atmosphere were deter-
mined. Preliminary results derived from determining densities have been
published in (Ref. 1, 2).

Experiment Conditions and Processing Method

The conditions under which the experiments were performed were as
follows:

(1) Comparatively good vacuum frequency: the equipment was placed on
the automatic station, far from the gas rocket; the AGAS was well pressur-
ized; there were no structural elements, etc., in the way of the ioniza-
tion manometer inputs;

(2) The equipment was stabilized with respect to the Sun during the
flight;

(3) There was a relatively high ceiling to the ascent of the station
y g

(about 500 km); therefore, the velocity of the station was great below

350 km.

Measurements were performed during the ascent and descent of the
station. The experiment conditions, as well as the main characteristics
of the manometers and the boosters, are described in detail in the works /24
(Ref. 1-3).

The pressure and temperature of the atmosphere were determined on
the basis of the pressure measured by the manometers, using the method of
successive approximations. The following well-known relationship was
thus employed (Ref. U4):
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Here T, and T, represent the temperatures of the atmosphere and the gas
in the apparatus; P, and P, ~ pressure of atmosphere and gas in the’
apparatus; K(0,1/r) and K(B,1/r) -~ the Klausing coefficients for a tube
having the length 1 and the radius r in the absence and presence of a
directional stream; u - velocity of the directional stream; v - most
probable velocity for the thermal motion of a particle; 8 - angle between
the velocity vector of the stream and the manometer axis; M - molecular
weight; R ~ gas constant; g - acceleration of the force of gravity;

Re - radius of the Farth; k - Boltzmann constant; h, and h, - altitudes
at which the pressures P1 and P2 exist, respectively.

When the pressure was determined, corrections taking into account
the change in the manometer sensitivity, due to an altitudinal variation
in the gas composition and due to a nonuniform emission current, were
introduced. In addition, a correction was introduced for gas removal in
certain cases.

Results

Figure 1 presents the atmospheric density on June 18, 1963, and on
May 16, 1958.

On June 18, 1963, the rocket was launched at L hours 30 minutes local
time. The radio emission flux of the Sun (K = 10.7 cm) was F = 82.10-22
w-m'z'cps‘l, according to data from the observatory at Ottawa. On May 16,
1958, the measurements at different altitudes pertained to a different
time (13-19 hours, local time). The data for May 16 were obtained by means
of manometers on the third Soviet artificial Earth satellite (AES). The
flux of solar radio emission was F = 19&-10’22'w-m'2 -cps'l.

26



f wm

jg
\/
Joq -
200 +
- R S
140 Y ad s ,lﬂ-m ,01-/.; ,}-rz ,}-ﬂ

Figure 1
Atmospheric Density

1 - June 18, 1963, 4 hours 30 minutes; mean latitudes of
the Furopean section of the USSR; AGAS, manometers; 2 -
Mey 16, 1958, 13-19 hours; third Soviet AES, manometers.

A comparison of these data confirms the results obtained previously:
the atmospheric density changes greatly at altitudes above 200 km. The
change observed in atmospheric density was caused both by a decrease in
solar activity, as well as by a diurnal effect. The atmospheric tempera-
ture above 200 km, recorded on May 18, also decreased considerably as
compared with the years of maximum solar activity. During the years of
maximum solar activity, according to data given in (Ref. 5), the tempera-
ture at 4 hours local time was 1159° K at an altitude of 300 km; at an
altitude of 300 km¥* - it was 1347° K. On June 18, 1963, at 4 hours
30 minutes, the temperature did not exceed ~775° K in the 200-300 km
altitudinal region.

Figure 2 presents the altitude of a homogeneous atmosphere H and the
atmospheric temperature T on June 18 (first and second approximations).
As can be seen from the altitudinal pattern for the changes in H and T,
in the altitudinal regions of ~165 and ~265 km, a temperature decrease
was observed, while in the altitudinal regions of ~145 and ~215 km, a
temperature increase was observed. On June 6, 1963, the temperature and
altitude of the homogeneous atmosphere displayed a similar pattern with
altitude (Figure 3). When P, T, p, H were determined, values were used
for the molecular weight and atmospheric composition which coincided with

*
Tranglator's note: This is an obvious misprint in the original foreign
text.
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Figure 2

Altitude of Homogeneous Atmosphere and
Atmospheric Temperature on June 18, 1963

1,3 - first; 2,4 - second approximation

those in (Ref. 5) for S = 100:10-22 w-m~2-cps-! (4 hours local time). The
temperature corresponding to these tables was used as the zero approxima-
tion.

Is the observed change in H and T with altitude a result of measure-
ment errors, or does it reflect a real change (which actually exists in
the atmosphere) in the altitude of a homogeneous atmosphere and in tempera-
ture with altitude?

Let us examine the experimental data at our disposal to determine
the density p of the atmosphere, using manometers and mass-spectrometers
on rockets. Usually when experimental data are processed, taking into
account a low measurement accuracy, the experimental points are greatly
smoothed out. By way of an example, we can point to the works (Ref. 6, T)
and also (Ref. 1, 2). Figure U4 plots the experimental points and smoothed
out curves based on data of Lagow and Horowitz (Ref. 6) and A. A. Pokhunkov
(Ref. 7). As can be seen from the figure, the authors did not trust the
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Figure 3

Temperature and Altitude of Homogeneous
Atmosphere on June 6, 1963

Notation is the same as in Figure 2.

experimental points and smoothed them out, overlooking the systematic
pattern of the points at certain altitudes.

A comparison of the primary, smoothed out experimental data on density
(pressure), which have been obtained by different authors, shows that the
deviations of the experimental points from the smoothed out curves are the
same in nature. This compels us to reprocess the experimental data at our
disposal. Thus, just as during the first processing, the curves were not
drawn according to the points, but the smoothing out was performed by
taking into account the systematic pattern of the points. The absolute
values of H and T given below are not extremely accurate, since we did not
strive for good congruence of the successive approximations in terms of
absolute magnitude during the calculations.

The values for the altitude of the homogeneous atmosphere and of the
temperature were calculated by the method described above, on the basis of
pressure measured by manometers on February 21 and August 27, 1958, and
October 18, 1962. The calculations were also based on the results derived
from measuring partial nitrogen pressure by the mass-spectrometer on
November 15, 1961 at 16 hours. In addition, the atmospheric temperature
was determined on the basis of values for the altitude of a homogeneous
atmosphere obtained fromsatellite braking (Ref. 8).
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Figure 4

Atmospheric Density

August 7, 1951, 11 hours; manometers (Ref. 6). (1 - ascent;
2 - descent; 3 - averaged; 5 - smoothed-out curve.) November
15, 1961, 16 hours; mass spectrometer, nitrogen (Ref. 7).

(L - pressure inside the apparatus; 5 - smoothed-out curve.)

The results are shown in Figures 5 and 6. The atmospheric tempera- Zgz
ture, in accordance with the data in (Ref. 5), was used as the zero
" approximation. The values for the molecular weight and atmospheric
composition are taken from these tables.

These results basically confirm the data obtained on June 18, 1963:
the atmospheric temperature above 100 km does not increase monotonically;
its inversion is observed. Primary, non-smoothed out data on density,
obtained by Lagow and Horowitz (Ref. 6) on the rocket "Viking-T7" on
August 7, 1961 (see Figure 4), also point to the presence of temperature
inversion in the altitudinal region of 150-180 km.

The results obtained by means of the mass spectrometer for nitrogen
are particularly interesting from the point of view of determining tempera-
ture, since in this case no assumptions are made regarding the composition
of atmospheric gas when determining the temperature. In accordance with
these data (see Figure 6, curve 4), there is a temperature minimum at
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Altitude of Homogeneous Atmosphere

1 - August 27, 1958; 2 - February 21, 1958; 3 - October 18, 1962,
manometers; L4 - November 15, 1962, mass spectrometer (Ref. 7);

5 - 1957-1959, satellite braking (Ref. 8); 6 - theoretical curve
(Ref. 9).

altitudes of -~ 180 and -~ 270 km, and a temperature maximum at altitudes
of ~160 and ~220 km. A similar pattern in the temperature change with
two maxima and minima in the 100-300 kn region was recorded - as was
already shown - by manomcters on Junce 18, 19063. In experiments on
February 21 and August 27, 1956, the temperaturc minimum was observed

at altitudes of -~ 175 and ~ 185 km, rcspectively.

In the dependence of the change in a homogeneous atmosphere altitude
and the atmospheric temperature upon altitude - which was found from the
braking of satellites - inversion was also observed in many cases.

As a result of observations on the braking of six satellites
("Explorer-4", "Discoverer-2", "Discoverer-5", "Discoverer-6", as well as
the first and third Soviet satellites), King-Hele (Ref. 8) found that
there is a maximum of the homogeneous atmosphere altitude at ~220 km, and
there is a minimum at ~260 km. In accordance with these data on the com-
position of the atmosphere, according to (Ref. 5), there must be a tempera- Z§§
ture maximum and minimum at the indicated altitudes (see Figure 6, curve 5).
In formulating a model of tlie atmosphere based on density values determined
from satellite braking, Paetzold (Ref. 9) postulates the existence of tem-
perature inversion (see Figure 6, curve 6). In his model, the value for
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Figure 6
Atmospheric Temperature

Notation is the same as in Figure 5.

inversion during years of maximum solar activity is greater than during
the period of the minimum.

The results derived from determining the altitude of the homogeneous
atmosphere and the temperature were analyzed by different methods: measure-
ments using manometers, mass spectrometers, satellites. This analysis pro-
vides a basis for assuming that above 100 km the temperature does not in-
crease monotonically when there is diffusion equilibrium of the gas, but
rather when there is temperature inversion. As is indicated by the measure-
ment results using manometers and mass spectrometers, in the altitudinal
region of 100-300 km there are two temperature maxima and minima. The Zgg
altitude of the maxima and the minima is not constant. It is possible
that temperature inversion does not always exist in this region.

The inversion of a homogeneous atmosphere, obtained from measurements
of manometers and from satellite braking, can be explained by the inver-
sion in the molecular weight change with altitude, which is less probable
from our point of view.

It should be noted that Ya. L. Al'pert (Ref. 10) formulated an assump-
tion regarding a temperature minimum at altitudes of 1L0-160 km, in order
to explain the electron concentration distribution in the F, region. The
same assumption was expressed by Weeks and Wilkes (Ref. 11). At the same
time, the works of Blamont (Ref. 12) and Nier (Ref. 13) make no mention of
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temperature inversion. In particular, this may be due to the fact that,
immediately during the years of minimum solar activity, the inversion
may be significantly lower, and inversion is not observed as a result of
experimental and methodological errors (particulary, averaging).

At the present time, there have been very few rocket experiments to
determine density and temperature of the atmosphere at altitudes of 100-
LOO km. Experimental errors are large, and due to this fact it is impossi-
ble to draw defianite conclusions regarding the fine structure of the atmos-
phere from a single experiment in many cases. Considering the possible
fine structurc .n temperature distribution, it would be desirable to in-
crease measurement accuracy in future experiments.

The problem of temperature inversion in the 100-300 km altitudinal
region requires additional study.

It is my pleasant duty to express my gratitude to G. N. Zlotin,
M. I. Men'shikov, I. V. Meyzerov, and their coworkers for their parti-
cipation in the preparation, for conducting the experiments, and for

processing the results. I would also like to thank the coworkers in
the laboratory in which I work.
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CERTAIN PROBLEMS ENTATLED IN STUDYING THE STRUCTURE
OF THE UPPER ATMOSPHERE !

M. N. Izakov

1. As a result of studies performed by means of rockets and satel- Z;Q
lites in recent years, great progress has been made regarding our
knowledge of the structure of the upper atmosphere - i.e., regarding
the distribution with respect to altitude of density, temperature, and
composition of the atmosphere, as well as variations in these distribu-
tions.

A great portion of the existing data on the structure of the
upper atmosphere has been summed up in the recently published COSPAR
International Reference on the Atmosphere (CIRA-65) (Ref. 1). It can
be assumed that the maln variations in the structural parameters have
already been determined, although - as will be shown below ~ their
guantitative characteristics need to be defined more precisely. Cer-
tain assumptions were made in (Ref. 1-4) in summing up the experimental
data and in formulating models, and these need to be verified.

The purpose of the present article is to determine the distribution
of the structural parameters and their main variations, based directly
on experimental data with a minimum of assumptions, and to compare the
results obtained with other models.

For purposes of comparison, the model of Harris and Priester
(Ref. 1, 2) was used; this model was used as the basis for describing
the thermosphere in CIRA-65. The model of Jacchia (Ref. 3) which was
also presented in the appendix to CIRA-65 (Ref. 1) was also used.

Harris and Priester (Ref. 1, 2) performed their calculations, using
an equation of thermal balance and a barometric formula, with several

1 The basic results of this study were presented at the Sixth Cospar

Symposium (May, 1965, Argentina).
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simplifying assumptions. The one-dimensional problem was examined,
disregarding horizontal exchange. Constant boundary conditions were
defined at an altitude of 120 km; the presence of gravitational-
diffusion equilibrium was assumed above this point. An additional
hypothetical heat source (which the authors attributed to c.rpuscular
radiation) was introduced in order to have the solution aeree with

the experimental data. The magnitude of this heat sourcc was assumed

to be comparable with the magnitude of the main heat source due to ab-
sorption in the atmosphere of X-ray and ultraviolet solar radiation.

It was assumed that this additional heat source was dependent on altitude,
and that this dependence was similar to the dependence for the main source.
The dynamics of the atmosphere was taken into account in a simplified
manner by introducing a vertical velocity which was dependent on atmos-
phere heating. In spite of these simplifications, by means of a certain
variation in the parameters introduced into the calculation, this scheme
made it possible to provide a satisfactory description of the experimental
data. In the model obtained, the experimental data on altitudinal density
distribution coincided with the boundary conditions at 120 km (which were
also obtained by averaging the experimental data). In addition, the

data also agreed with the altitudinal temperature distribution, which
corresponded to the assumed distribution of the heat source.

The starting point of the model formulated by Jacchia (Ref. 1, 3)
was the altitudinal temperature distributions determined by Nicolet
(Ref. 4), taking into account heating by solar ultraviolet, but from a
stationary equation of thermal conductivity. The diurnal temperature
variations in the exosphere are given by an empirical formula - a cosine
to a certain extent, which is selected for the best description of the
experimental data. The latitudinal temperature pattern, which is simply
an interpolation between its diurnal and nocturnal values, 1s described by
a similar formula with a different exponent, since there are still very
few data on the latitudinal pattern of the structural parameters (Ref. 5).
Just as in Harris and Priester, it is assumed that the boundary conditions
are constant at an altitude of 120 kg, and they are determined by averaged /31
experimental data. Simplifications introduced into the calculational -
scheme have the advantage that the obtained single-valued dependence
of density and temperature distribution make 1t possible to take into
consideration in a simplified way the latitudinal pattern of structural
parameters, as well as the seasonal movement of the subsolar point.

On the other hand, the model of Harris and Priester, which takes into
account thermal atmospheric inertia, points to certain additional effects
(indeterminacy of the connection between density and temperature distribu-
tion, diurnal pattern which is asymmetrical with respect to the maximum,
etec.), not provided by a stationary model. The main advantage of this model
lies in the potential possibilities which it provides: this represents
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the first step on the path toward creating a complete and representative
physical model for the structure of the atmosphere, which is based on
equations of thermohydrodynamics and which takes into account all the
real sources and heat escapes.

The work by R. S. Zhantuarov (Ref. 6) can be regarded as a step along
this path. By meauns of certain simplifications, this work attempts to take
into account the influence of diurnal and semi-diurnal tidal movements on
the structure of t atmosphere.

2. The computational scheme which we employed is given in (Ref. 7),
and we shall only briefly summarize it here. The quantity, which is deter-
mined by the satellite braking and which equals the product of the density
p by the square root of the scale height for the density Hp, is formulated
as a function of the altitude h: pHg = F(h). In this expression Hp is

expressed in terms of p, and the differential equation obtained with respect
to p is integrated over the altitude, which gives

- 8 dh-":
p=[oz+2 22|

s

(1)

where py is the density at the boundary altitude h,. This equation is inte-
grated numerically, and consideration is given to the variability of the
coefficient of aerodynamical resistance C., on which F depends. The detailed
derivation of the formulas for C, 1s given in (Rer. 8). The pressure p is
determined according to the density which is found:
h
p=p+ R pg dh (2)

hy

(where p; 1s the pressure at the boundary altitude h;; g is the acceleration
of gravity), by numerical integration downward from the altitude h;, in
order to decrease the influence of errors at the boundary conditions.
Finally, the scale height and the ratio of the temperature T to the molecular
welght M is determined:

P

M Rep (3)
where Ry 1s the universal gas constant.

In order to calculate the temperature, the method advanced by Kallmann-
Bijl (Ref. 9) was applied, with the one difference that the boundary condi-
tions are established at the altitude of 200 km, where satellite
observations have provided adeguate information regarding the density and
where it can be assumed that the chemical reactions do not disturb gravita-
tional-diffusion equalibrium. The equation arising from the assumption that
there 1s gravitational-diffusion and thermal equilibrium was used (Ref- 7):

h
— Mi S FL’}

20 (ho)e M ! = p(h), ()

i
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where pi, M; 1s the partial pressure and molecular weight of the ith /32
component of the atmosphere.

The quantities p(h) - which were determined according to formula (2)-
as well as the quantities pj(h,) - determined according to experimental data
on the composition - were substituted in this equation. After this, (L4) was
converted into an equation with respect to T, which was then solved on an
IBM by the Newton method.
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Figure 1

Dependence of Atmosphere Density ¢ at Altitudes of 200-700 km on
~a Decimeter Flux of Solar Radio Emission Fio

a - diurnal maximum; b - nocturmal minimum. 1 - Present article; 2 - accor-
ding to Harris and Priester (Ref. 1); 3 - according to Jacchia (Ref. 3).

Numerical integration was used to determine the component concentration
distribution according to calculated temperature distributions with respect
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to altitude: n

T (ko) . g gdh
L (h) = ns (ho) T oxp (— ari\ €57,
e (1) = e () g 0% { 5, ool ) (5)
according to which the molecular weight was then determined
)_:',M.lni
1
M=t (6)
1
3. For the specific application of this scheme, the mean yearly /33

distributions of density with respect to altitude were used for the diurnal
maximum and nocturnal minimum - determined by King-Hele (Ref. lO). At the
present time a calculation based on the last work of King-Hele (Ref. ll) is
being carried out, supplemented by data from Marov (Ref. 12).

The density values obtained differ from the original ones by 10-20%.
An altitudinal pattern Hp was determined which was more complex than that
given by other data, as was also the case for the ratio of temperature to
molecular weight EVM (Ref- 7)-

Figure 1 presents the maximum diurnal densities and the minimum noctur-
nal densities, determined in this way, at altitudes of 200-700 km, as a
function of the flux of decimeter radio emission from the sun Fy,. This
figure also plots these dependencies according to Harris and Priester
(Ref.1) and Jacchia (Ref.3). The mean annual values of the stream Fj,
were determined by averaging its mean monthly values.

It can be seen from Figure 1 that the over-all pattern of the curves is
similar; however, certain differences can be observed. At altitudes less
than 400 km, our dependencies are flatter for F, - 100, and steeper for
smaller F,,. According to our calculations, the density at these altitudes
is almost everywhere somewhat greater than that given by other models, while
its diurnal variations are considerably smaller. The magnitude of the diur-
nal variations increases somewhat with a decrease in Fj;. For altitudes of
500-700 km, all of our diurnal curves are steeper than the others, ascending
to the curves of Harris and Priester (Ref. 1) for ¥, = 230, and descending
to the curves of Jacchia (Ref. 3) for F, = 80 — 90. Our nocturnal curves
ascend higher for an altitude of h £ 500 km, for altitudes of 600-700 km they
descend lower for F, -~ 100, and for lower altitudes they are higher than
that indicated by other models. It is true that the last points (for 600~
700 km in the case of F, < 100) are unreliable, since there are not enough
points on the original curves - as was shown in the work (Ref. 11) - and the
curves are extrapolated substantially here. The difference in density wvalues
between our calculation and that provided by other models amounts to a factor
of 1.5, and at several points this amounts to almost a factor of 2. In the
majority of cases, our curves are somewhat closer to the curves of Jacchia
than they are to the curves of Harris and Priester. We did not smooth out
our curves p(F@), in order to emphasize the fact that they have been deter-
mined on the basis of very few data, although the actual pattern of this
dependence is apparently flatter. The determinations showed that the maximum
error in the density values found amounts to 8p = * 50%.
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Before the results derived from calculating the temperature are pre-
sented, we should touch in greater detsil upon the selection of boundary
conditions according to dats on the composition. Figure 2 presents the
concentrations of the main atmospheric components at an altitude of 200 km,
according to measurements performed with mass spectrometers (Rer. 13-17)
and monochromators (Ref. 18—20), as well as according to the calculation of
Harris and Priester (Ref. 1),as a function of the decimeter stream of solar
radio emission Fio, taken for the appropriate days according to data in
(Ref. 21). It can be seen from the figure that, although there are very few
data, the main dependences on the time of day and the solar cycle appear to
agree in general with those used in the model (Ref. 1). However, the experi-
mental data point to a somewhat large variation magnitude. It can also be
pointed out that the first data (Ref. 13, 18) have a large scatter, while
data obtained later coincide more closely with each other and with the model.

In the calculation, we took the main partial pressures at 200 km, deter-
mined according to temperature and concentrations obtained according to
(Ref. 1). However, by varying the concentrations of the main components
within limits determined by deviations of the experimental points in Figure z
and by repeating the temperature calculation, we determined the error which
might enter into the temperature determination due to an inaccurate knowledge
of the composition at 200 km. This error amounts to 30—500at altitudes less
than 500 km, and increases significantly at higher altitudes. One should
make immediate note of the fact that in the case of the indicated variations
the over-all nature of the altitude dependences does not change significantly.
The total error in the temperature caused by different factors may amount {BA
to 100-150°.

Figure 3 presents the altitudinal temperature distributions determined
by this method. Attention is called to certain differences in these distri-
butions from the distributions obtained in other models (as was noted above,
with definite assumptions regarding the altitudinal distribution of heat

sources ) -

At altitudes of L400-500 km, the majority of the curves T(h) approaches
the isotherms. Two diurnal curves represent an exception to this: For
Fp = 232, which produces a temperature decrease above ~ 400 km, and F, = 105,
which produces a temperature increase above ~ 500 km. However, there is some
doubt regarding the relationship between these two curves. The first curve
was obtained in 1958 during the initial observational period with AES. The
mumber of points was small, and they apparently include points which were not
measured with respect to the diurnal maximum, but which distorted the curve
somewhat in terms of nocturnal conditions. It should be pointed out, however,
that certain arguments can be advanced in favor of the existence of such a
temperature distribution in the case of large F,. A definitive conclusion
may be reached in the next year of maximum solar activity.

The second curve (diurnal maximum of 1961} compels us to point out that
the original curve of p(h) (Figure 6, in the work [Ref. 11]) at altitudes of
500-T00 km can be drawn somewhat lower in accordance with the measured points,
which brings the temperature toward the isotherms.
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Figure 2

Dependence of Molecular Nitrogen Concentration As Well As
Atomic and Molecular Oxygen Concentration On Decimeter
Stream of Solar Radio Emission At An Altitude of 200 km

1 - July 22, 1959, 5 hours 15 minutes (Ref. 15); 2 - September 23, 1960,

O hours 56 minutes (Ref. 16); 3 - November 15, 1961, 16 hours 00 minutes
(Ref. 17); 4 - August 23, 1961, 10 hours 05 minutes (Ref. 20); 5 - June 5,
1962, 5 hours 45 minutes (Ref. 21); 6 - October 25, 1962, 16 hours 30 min-
utes (Ref. 21); 7 - June 6, 1963, T hours 30 minutes (Ref. 18, 19); 8 -

July 10, 1963, 10 hours 00 minutes (Ref. 22). The light signs pertain to
data from mass spectrometers; dark signs designate data from monochromators.
The solid lines and dashed lines, respectively, designate data for diurnal
maximum and nocturnal minimum, according to the model of Harris and Priester

(Ref. 1).
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In all the curves, there are temperature maxima in the lower thermo-
sphere. In the case of large F,, during the day, these maxima are located

at a lower point and, based on the diurnal curves, descend below 200 km for
F, = 160 — 230. For small F, during the night, they are located at a higher
point, reaching an altitude of h =~ 300 km in the case of Fy ~ 80. It is
true that, when there is a variation in the boundary conditions, the maxims
close to 200 km disappear in the curves of By > 150. We should note that
local temperature maxima in the lower thermosphere were also found by

Ve V. Mikhnevich (Ref. 22) in the case of rocket measurements.

Small maxima and minima on the curves for small F; at altitudes of
~ 500-700 km are apparently the result of a calculational error. The curves
themselves for p(h are quite unreliable (Ref. ll), and errors are more pro-
nounced in the boundary conditions, particularly because of light components
- helium and hydrogen. ZFinally, thermodiffusion (Ref. 23) and coxnditions
in the exosphere, which make equation (&) inexact, influence the distribu-

tion of light components.
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Figure 3

Altitudinal Temperature Distribution for Different Levels of Solar

Activity (The Quantity Fig in Units of 10-22 w.m~2.cps-—!
is Used as a Characteristic of the Level)

1-Fjg=232; 2 ~Fyg=210; 3-Fyjp=161; 4 - F;q = 105;
5 - Fi19 = 90; 6 - Fig9=081; 7 - Fi0 = 77.

So0lid lines - diurnal maximum; dashed lines - nocturnal minimum.

Figure 4 clearly presents the main features of the temperature distribu-
tion determined. The temperature of the upper thermosphere in the region of
the isotherm 1s expressed as a function of },. According to our calculation,
we can see that an amplitude change in the diurnal temperature pattern with
the solar cycle is found,which is larger than that provided by other models -
from ATy ~ 100 — 150° K in the case of Ey ~ 80 — 90 to ATy ~ T50° K for

Flo =~ 210-
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Particular attention must be given to the problem of the thermopause
altitude he (either of the exosphere base, or of the critical level). The
altitude of the thermopause h, is calculated as the level at which the mean

free path of ) equals the scale height for the concentration H N dlnn

n' i, —dn
above which the role of collisions is small and molecules - having velocities
close to the critical velocity - disperse from the atmospherel
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Figure 4

Dependence of the Temperature In the Upper Atmosphere and
the Exosphere on the Decimeter Stream of Solar Radiation

a - diurnal maximum; b - nocturnal minimum. Solid curves -
present article; dot dash lines, according to Harris and
Priester (Ref. 1); dashed lines, according to Jacchia (Ref. 3).
Notation for the points is the same as in Figure 3.

Figure 5 shows the change in the thermopause altitude h, as a Tunc- Zéé
tion of Fig . It can be seen from Figure 5 that, contrary to prevelant opin-
ions, the thermopause altitude changes greatly with the solar cycle, from
approximately h. ~ 300 km for small Fg up to h, =~ TO0 km in the case of large

Fo.

The altitudinal distribution of molecular weight, determined according
to formula (6), is shown in Figure 6. Significant variations in

1

The altitude of the thermopause 1ls sometimes used to designate the alti-
tude of the isotherm commencement in the thermosphere.
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M at the given altitude with the solar cycle and the time of the day are
apparent; these are similar to the variations based on the model in (Ref. 1).
We should note that the amplitude of the diurnal variations M decreases

with an increase in Figq.

. 2'/‘/
4 r
s -
400 -
L 1 i L
50 I 750 200 250
£, 5w em=2 - cps-l
Figure 5

Dependence of Thermopause Altitude (Base of the Exosphere)
hC on Decimeter Stream of Solar Radio Emission

a - for diurnal maximum; b - for nocturnal minimum. Heavy lines
designate calculation in our work; dot dash lines designate calcu-
lation in (Ref. 1). Notation of the points is the same as in Figure 3.

b, What can cause the difference in the dependences which are found
and the real dependences? The comparatively small number of experimental
data should first be pointed out: in the work (Ref. 11), ten curves are
drawn on the basis of 146 points, i.e., about 15 points correspond on the
average to each curve, and all of these data are obtained for half of one
solar cycle (from the maximum in 1958 to the minimum in 1963-1964). An error
is also caused by separate averaging of p and Hp , while we need the mean annu-

1
al ng . In addition, it is known (Ref. 1) that 27-day variations, half-year

variations, and variations related to the geomagnetic index are superimposed
on the main variations considered here (1ll-day and diurnal variations). With
a sufficiently large number of data, the secondary variations could be
excluded with averaging, but since the number of points is small the error
caused by this factor can enter into the dependences which are found. It
should also not be forgotten that the magnitude of the stream of decimeter
solar radio emission Fipis mot a decisive parameter, but only an index. This
index can be used to describe the manner in which the stream of untraviolet
and X-ray solar radiation, which heats the upper atmosphere, changes as a
result of complex solar processes. It can be seen from experiments in

(Ref. 24, 25) that Fjp is closely correlated with certain intense
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lines in the hard ultraviolet and roentgen, but that this index can hardly /37
provide an accurate description of the entire stream heating the thermosphere.
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Altitudinal Distribution of Atmospheric Molecular Weight
Notation is the same as in Figure 3.

It should finally be noted that the calculational scheme employed is
only approximate, due to the utilization of a barometric formula - which,
stricly speaking, is applicable in the presence of local thermodynamic equil-
ibrium. Deviations from equilibrium can be caused by chemical reactions in
the thermosphere. However, as was shown by A. I. Ivanovskiy (Ref. 26), under
these conditions a barometric formula can be retained in the usual form, if
an effective temperature T,equalling

' 3
] T°=7—'z‘/}1(€f&’ (8)
is used in it, where N = 8/t G(-IEE)/Zn2 is the number of collisions between
molecules; Q - the dif%erence beteen the absorbed and emitted radiation per
unit volume; k - Boltzmann constant; 0 - cross section of the col-
lisions; m - mass of the molecule. Thus, in certain cases the temperature
determined by the scheme which we have employed will be the effective tempera-
ture Tx. Estimates have shown that, for the distributions of the structural
parameters determined here, the difference between the effective and the
kinetic temperatures up to the boundary of the exosphere is small, and becomes
significant only for large values of F,. For these estimates, Q was based on
data given in the work (Ref- 27).

In the exosphere, the barometric formula can also be retained with a
correction for the absence of molecules, among those returning to the earth,
having velocities larger than the critical velocities and dispersing from the
atmosphere (see, for example, [Ref. 282). Thus, the temperature in the exo-
sphere equals the temperature at the critical level. This correction is
significant only for concentrations of hydrogen and helium molecules, which -
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in the altitudinal range under consideration up to 700 km - provides a cor- —
rection of not more than 5-7% in the total atmospheric density, and about 9%
at an altitude of 1,000 km.

In addition, thermal diffusion (Ref. 23) - which was not taken into
consideration in the scheme which we employed - influences the distribution
of hydrogen and helium in the thermosphere. However, since the proportion
of light components in this altitudinal range is small and since isothermy
occurs in the upper portion of the thermosphere, this simplification does not
introduce significant errors into the determination of density and tempera-
ture - at least up to altitudes of about 500 km.

The following refinement of our scheme is possible: by determining the
tempergture distribution as was indicated above, one can then find the distri-
bution of hydrogen and helium concentrations, taking into account thermo-
diffusion (Ref. 23): () .

(11, He) (/L) = N, He) (ho) [T((;f)){' exp (—— A[ig gl?—g;’) y

o (9)

where o is the thermodiffusion constant. Thus, the corresponding correction
can be introduced into the concentration of all components in the exosphere -
for example, the eorrection employed in the tables of work (Ref. 28). It may
thus be assumed that the calculational scheme employed in the altitudinal
range under consideration makes it possible to obtain the structural para-
meters of the upper atmosphere within satisfactory accuracy.

5. Certain conclusions may be drawn from the results presented above
regarding the future development of research necessary for improving the
structural model of the upper atmosphere.

We have seen that the over-all pattern of the dependences found is approx-
imately the same for calculations based on different schemes, which substan-
tigtes to a certain extent the validity of the premises expressed in them. At
the same time, the differences between the models point to the necessity of
defining the dependence of the structural parameter variations on definite
factors more precisely in the future.

At the present time, it is particularly important to compile data Zﬁ@
onn the latitudinal dependences of the structural parameters, on the structure
of the atmosphere in the altitudinal range of 100-200 km, and on the concen-
trations of helium and hydrogen.

If we have data on the density of the atmosphere at different altitudes
and on the composition at an altitude of about 200 km, we can then calculate
all the structural parameters of the atmosphere for altitudes close to 200 km.
The compilation of data makes it possible to apply the calculational scheme
which we have employed to not just the mean annual data - as was done above-
but also to data which are more local in time and space. This would make it
possible to study the desired dependences in greater detail. Simultaneous
measurements of density at different altitudes above one and the same point
on the Earth's surface, together with measurements of the composition close to
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200 km and measurements on short-wave and corpuscular radiation, absorption
of hydromagnetic waves and other factors influencing the structure of the
upper atmosphere, would be of the greatest value in solving these

problems.

In order to study the actual dependence of structural parameters on
definite factors, it would be of value to clarify the extent to which
the parameter F, reflects the change in the entire stream which heats and
ionizes the upper atmosphere. 1If necessary, 1t would also be valuable to
determine a more appropriate parameter.

The results of the present article are limited, due to the utilization
of data on only satellite braking, since the problem was posed of comparing
them with models (Ref. 1, 3) obtained on the basis of the same data by dif-
ferent computational methods. A more comprehensive picture will be obtained
by the utilization of data from other methods - based on results derived from
measurements of equipment located on AES and rockets, as well as from indir-
ect methods, for example, meteoric methods. This presents the problem of
matching data from different methods, which can be clearly seen from experi-
ments on "Explorer-17", where the densities - which were measured simultan-
eously on the basis of braking and manometers - differed by approximately a
factor of two (Ref. 29). TIn order to solve this problem, it is necessary to
improve these methods, and to employ stricter theories for calculating atmos-
pheric density based on readings of equipment on AES (Ref. 30).

Due to the fact that small variations occur, excluding main variations,
the method of successive approximations 1s advantageous to employ in the
total computational scheme: after the dependence for the main variations is
found, it is excluded. Then the dependence for small variations is refined,
after which the points are corrected for small variations. The main varia-
tions are agaln refined, etc. We would like to point out one problem
pertaining to the consideration of small variations: certain of these varia-
tions - for example, 27-day variations and variations with the geomagnetic
index - are not independent; a correlation can be observed between F, and
the geomagnetic index . Consequently, they entail the problem of strict
simultaneous calculation of different dependent variations.

The works mentioned above give several empirical dependences, which
must be constantly compared with theoretical calculations. In the last
analysis, this must make it possible to formulate a sufficiently complete
and representative physical model of the upper atmosphere structure. This
structure is based on the formulation and more accurate solution of a
system of thermohydrodynamic equations, which takes into account all the sig-
nificant sources and losses of heat and all reactions taking place in the
atmosphere. IExperiments on the determination and more precise definition of
the transverse cross sections of these reactions are a necessary stage in the
sclution of this problem. Such a comprehensive model must naturally provide
the distribution of not only neutral components, but also charged components,
for which the interaction of the charged components and the difference of the
electron temperature from the kinetic temperature must be defined more pre-
cisely.
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DIURNAL VARTATTIONS IN DENSITY, éRESSURE AND TEMPERATURE
IN THE ATMOSPHERE
(Summary)

R. S. Zhantuarov

It is now known that the atmospheric parameters above 100 km undergo
significant diurnal fluctuations. At an altitude of 600-700 km, the pres-
sure changes by a factor of 8-10 between the nighttime and the daytime; the
density changes by a factor of 6-8, and the temperature changes up to 600°K,
Thus, the density maximum must be independent of the solar activity level at
about 14 hours local time.

The theory of diurnal atmospheric fluctuations is unsatisfactory at the
present time. One of the first theoretical models was formulated in 1962 by
Harris and Priester. They started with the assumption that the energy bal-
ance ¢f the upper atmosphere is determined by the absorbed solar radiation
and by thermoconductivity. The horizontal movements, as well as the fact that
the nature of atmospheric fluctuations depends significantly on frequency,
were not taken into consideration. Consideration of only absorbed ultra-
violet radiation led to fluctuation amplitudes which were too large and to
an incorrect position of the density maximum: the maximum occurred at 17
hours local time. This led Harris and Priester to introduce an additional
source (which they first called "corpuscular"), in order to make the results
obtained concur with the observed results. In their last study in 1964, they
rejected the initial interpretation of the additional source as a 'corpuscu-
lar" source, and advanced another interpretation, which we have not yet [gg
substantiated. This interpretation assumed that an additional amount of heat
can be supplied by horizontal convection.
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This assumption introduces another method of solution based on the
theory of tides. The theory of tides in the atmosphere for a rotating
Earth - assuming that the fluctuations are small and, consequently, purely
periodic - makes it possible to divide the variables in terms of latitude
and altitude (the dependence on time and longitude is expressed in the form
exp{-iOt—isX, where O is the fluctuation frequency; A-longitude; s - wave
number ). The dependence on latitude will be determined by the tidal equa-
tion of Ieplace, the solution of which provides a discrete series of elgen
values and the eigen functions corresponding to them. The eigen values
will thus be different for different frequencies. At first glance it
appears that the tidal theory is inapplicable for an analysis of diurnal
fluctuations in view of its purely linear nature. However, measurements
have shown that up to an altutude of 250 km the fluctuations are rather
smgll. In addition, according to measurements of Loven and also according
to our preliminary calculations, it can be seen that the following law is
in operation in the interval from 100 km and gbove. Up to approximately
160 km, the mechanism of thermoconductivity (molecular, and 1f the data of
Ietau are trusted, turbulent) does not play a significant role in heat
transfer. Above 250 km, this mechanism is fundamental. Consequently, if
the equation of heat transfer is employed in a linearized form, then at alti-
tudes where the applicabllity of the equation is doubtful this will be unim-
portant, due to the fact that the, fundamental process is thermoconductivity.

In addition, the function of the source has the form of a positive
section of a cosine, with a maximum at 12 hours local time. Expanding it
in Fourier series, we obtain harmonics with periods of 24, 12, 8, and L4 hours
having amplitudes which decrease in the ratio 1/2, 1/15...— il.e., generally
speaking, fluctuations must be excited in the atmosphere with periods of 2Lk,
12, 8, and 4 hours.

w4 W s T/ %
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Figure 1

Dependence of Pressure and Temperature Variation on Altitude

Solid curves: p - pressure variation, py - mean model pressure; dashed curves:
T - temperature variation, Ty - mean model temperature; 1 and L - calculation
employing theory of tides; 3 and 6 - calculation with h = =,
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Figure 2

Pattern of Pressure Variation Phase With Altitude

P and by - actual and imaginary parts of pressure
variation; solid line - author's calculation;
dashed line - calculation with h = o,

As was already indicated, the nature of the fluctuations depends signifi- /hl
cantly on frequency.

Preliminary calculations, performed on the basis of the tidal theory,
have shown that the fluctuation amplitude with a period of 24 hours changes
with altitude according to an increasing exponential-the one with a period of
i2 hours changes periodically. If the fact is taken into consideration that
the harmonic amplitude decreases with an increase in frequency, as well as
the fact that the mean amplitude increases at least linearly when there is
a periodic change in the fluctuation amplitude, the conclusion can then be
drawn that fluctuations with periods of 12, 8, and 4 hours will have an
insignificant influence on the fundamental 24-hour harmonics - i.e., unusual
resonance occurs in the diurnal harmonics of the heating function (Figure l).
Thus, the fluctuation phase of the main harmonics behaves in the following
way: The maximum is shifted from 18 hours at 100 km to 14 hours at 600 km,
and slowly approaches 12 hours (Figure 2).

In order to verify the assumption that the results obtained by Harris
and Priester stem from ignoring the fluctuational characteristics of
the atmosphere, a calculation was performed with the eigen value of the
Iaplace tidal equation (h = @) which was used by Harris and Priester, with
the heating function in the form of the first harmonics. As a result, as
was expected, an amplitude which was larger than necessary was obtained, but
a correct phase: a maximum at 1k hours at an altitude of 400 km. The
assumption then arises (which has not been verified yet, unfortunately) that
the overall solution for both harmonics of the heating function with one and
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the same eigen value (which is not clearly formulated in the model of
Harris and Priester) will coincide with their solution even without taking

nonlinearity into account.

The theory must be defined more precisely, but even preliminary results
show the complex dependence of amplitude and phase on altitude in the 100-
200 km range. This points to the fact that the dynamic characteristics of
this atmospheric region significantly influence the processes occurring in
the layers located above, creating '"boundary conditions" for them -i.e.,
the c¢nergy balance of the upper atmosphere is determined not only by
absorbed solar radiation and thermoconductivity, but also by the fluctuational
properties of the atmosphere.
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DYNAMIC NATURE OF ATMOSPHERIC
DENSITY AT ATTITUDES OF 200-300 km'

M. Ya. Marov

Data which have been recently processed on the orbital evolution
of several Soviet artificial Farth satellites have provided definite
experimental corrcboratbticn of theoretical assumptions (Ref. 1, 2) regarding
the dynamic rature of density at altitudes of approximately 200-300 km.
This has made it possible to derive more or less definite estimates of the
atmospheric variation close to the thermosphere base for half of the solar
cycle.

The results to be discussed were obtained by analyzing the braking
of 14 satellites in the "Kosmos" series, the first Soviet spacecraft-
satellite (e 1960), its cabin (eq 1960}, and also the third Soviet AES,
for purposes of comparison. Several data have been published previously
(Ref. 3-5) regarding the atmospheric density; these data resulted from _Z&g
processing information from individual satellites out of the group indi-
cated above by a similar method.

The current values of osculating ellipse elements of the AES motion
were used as reference data. These values made it possible to determine
individual discrete values of the parameter

oVH=K@P, (1)

where p is density; H - altitude of a homogeneous atmosphere for density;

P - secular acceleration reflecting variations in the satellite braking

to the greatest extent; K(t) - coefficient, as a function of the osculating
elements and ballistic parameters of the craft, which is quasi-constant on
adjacent AES revolutions. The form of the coefficient K(t), which in
essence represents the normalizing factor for conversion from secular accel-
eration to values of p/H, is primarily determined by the magnitude of the
ecentricity, and its complexity is determined by the degree of approxima-
tion when the integrals are replaced by finite relationships. In the
graphoanalytical method used to determine o/H (Ref. 4), the error arising
from computing K(t) - in accordance with certain dependences (Ref. 6, T)
for a chosen value of the aerodynamic resistance coefficient CD = 2.1

(Ref. 8) lies within the accuracy of the results given below.

The correctness of employing the values of pJﬁ, calculated for rela-
tively small intervals, is determined primarily by the quality of the
reference data, and also by the dynamic scheme for the spatial orientation

1 The main body of the report was presented at the sixth COSPAR symposium,
May, 1965, Argentina.
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Figure 1

Example of Initial Graph Based on the 1960 ez Satellite,
Used to Obtain Traces va by Photometric Measurement.

of non-oriented satellites with respect to the center of mass. The
problem of determining the mean density values, as well as different
long-period variations is thus related to averaging the individual
discrete values of QJH with the corresponding values of grid. For

this purpose, the method entalling photometric measurement of uniformally
illuminated effective arecas defined by the curves P and K(t) was employed.
Figurel shows an example of the initial graph of ez 1960 satellite, and
Figure 2 shows an example of tracings obtained by the ep 1960 and e; 1960
satellites. The daily variations are excluded for the grid T = T in
Figure 2, where T is one daily cycle (more accurately, Y-cycle; Y - the geo-
centric angle between the directions to the Sun and the satellite perigese).
This made it possible to compare the changes in E?ﬁ with the curve of

decimeter solar radio emission as an index of solar activity (vased on
data from the observatory in Ottawa LRef. 9]). The correlation coefficient
throughout all of the curves is rg = 0.86 + 0.05, and it corroborates the
good agreement between changes in density at these altitudes and variations
in solar radio emission during a period of intermediate and minimum solar

activity.

Fluctuations in the parameter pvﬁ from day to night at altitudes of
270-280 km are clearly apparent in the tracing obtained in a similar way
on the eg 1960 satellite, but with the grid T = 0.2 T. The examples of
approximating curves in Figure 3, which were compiled as a function of
local tlme of the perlgee, based on data from the tra01ngs for the satel-
lites "Kosmos-2" 5 "Kosmos-5" , "Kosmos-3" , and "Kosmos-11", point to daily
variations also close to 200-230 km. The inclination of the tangents to
the given curves, in a direction going from the morning hours through mid-
night into the day - which corresponds to precession of the orbital perigee
- is caused by a decrease in the satellite perigee altitudes.

The data used from 16 Soviet AES, which were processed by an identical
method, made it possible to trace the density changes in the 180-300 km
altitudinal range for almost half of the solar activity cycle. More ZE&
than 150 experimental values of the parameter pvﬁ were caglculated for the
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flux of decimeter solar radio emission Fo.s R:85'lo—2ww-m—2'0ps_15 thesc
experimental values corresponded to the mean daily, maximum diurnal, and
minimum nocturnal conditions (Figure 4). In order to obtain data per-
taining to earlier periods of time, in accordance with other similar
results, they were_corrected up to the smoothed out values of the flux
Fg.y = 85-10 TPy em z-cps b by employing the scuniempirical relatlonship

oV It - ()F]_%l.7 (2)

This method is ~pproximately similar to that described in (Ref. 10). The
mean values of the exponent m (in vicw of its depcndence on local time
[Ref. 11]) were calculated for scveral asltitudes, assuming the proportion-
ality cocefficient was constant in the first approximation (a = const),
utilizing experimental data on the braking of Scviet AES from 1957 to 1963
for values of Fy.» from 260-10 2% 46 85.10 **Fy.m 2-cps o respectively.
Data were : 1lso employed from the CIRA tables of 1961 (Ref. 12) pertaining
to a value of Fy.» ~ 200-10 **w.m™®.cps™? (Figure 5)

Figure 6 shows the curves compiled according to_the calculated points.
Along with the mean distribution of the parameter p/H, these curves give
the range of maximum variations in one day. The mean quadr-gic errrr Z&i
entailed in determining the true altitudinal values, with allowance for

dispersion of the experimental values, does not exceed 5 km, and is less
than 18% of the absolute value for the parasmeter pJ/H.

It can be seen from the curves in Figure 6 that during years of
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Figure 3

Daily Variations According to the Braking
of the "Kosmos" Satellites

minimum solar activity the daily variations in the parameter pvﬁﬂ which
comprise approximately 60-T0% at 200 km, amount to more than 200% close

to 300 km. This does not occur at these altitudes during a period of
maximum solar activity. This has been recently corroborated by results L6
obtained by foreign researchers, particularly Jacchia and Slowey (Ref. 13),
and King-Hele and Quinn (Ref. lh). An analysis of these data leads to the
conclusion that the most probable change in the level of regions warming
up is due to the general cooling nature of the atmosphere during the pre-
sent period, and due to a change in the altitudinal distribution of the
main components. This process, which is accompanied by a re-distribution
in terms of altitude of such basic parameters as the density p and the
altitude of a homogeneous atmosphere for the density H, is thus responsible
for fluctuations in these parameters with a significant amplitude at low
altitudes, as compared with a period of maximum solar activity.

Based on the curves shown in Figure 6 and taking the fact into
account that

Ji—[ln (p}fjlx”ﬂ] ~ ——-—1—, (3)

dh eV 1), 1
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Figure 4

Experimental Values of D/ﬁ, Obtained by the Braking of
16 Soviet AES for the Mean Daily, Maximum Daily, and
Minimum Nocturnal Conditions.

1 - "Kosmos-1"; 2 - "Kosmos-2"; 3 - "Kosmos-3"; 4 - "Kosmos-5";

5 - "Kosmos-6"; 6 - "Kosmos-8"; 7 - "Kosmos-11"; 8 - "Kosmos-1T";

9 - "Kosmos-19"; 10 - "Kosmos-25"; 11 - "Kosmos-26"; 12 - "Kosmos-31";
13 - "Kosmos-38"; 14 - "Kosmos-39"; 15 - ey 1960 (first Soviet space-
craft-satellite); 16 - e; 1960 (cabin of the first Soviet spacecraft-
satellite). The light symbols correspond to diurnal maximum values;
dark symbols correspond to nocturnal minimum values; the symbols

with crosshatched lines designate mean daily values.

we can determine with acceptable accuracy the altitude of the homogeneous
atmosphere and can thus compute the density distribution between 180-300 km.

As a result of these computations, Figure 7 shows the curve for the
mean atmospheric density at these altitudes. A comparison of these curves
with certain estimates obtained during a period of maximum solar activity,
and particularly with the value of p determined according to the method
advanced from data on the braking of the third Soviet satellite, makes 1t
possible to trace the variations for half of the solar cycle. The mean
density decrease, as compared with 1958, is about 2 times at 200 km, and
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Figure 5

Exponent m as a Function of Geometric
Altitude for p/H = CF%.,

1 -~ according to Soviet AES data; 2 -

utilizing the CIRA tables of 1961.

not less than 3.5 times close to 300 km.
The graphic indication of the very dynamic nature of the upper

atmosphere density above approximately 180-200 km leads to the neces-
sity of systematically obtaining the corresponding experimental data

throughout the entire solar cycle. On the basis of experimental mat- /L7

erial on density, which has been compiled up to the present, based on
the change in the curve for a stream of solar decimeter radio emission
during preceding years (Ref. 9) it can be assumed that there is a
gradual increase in atmospheric density above approximately 200 km,
beginning in 1965. This increase will reach a maximum value which is
close to the level of 195,-1958 in the next period of maximum solar
activity (1968-1969).

We tried to predict the mean density between 180 and 300 km in
individual periods of the solar cycle, based on the experimentally
determined distribution of the parameter pdﬁ for

Fo.r ~ 85.107%%y-m ®.cps ' (Figure 4) as well as the expected change
in the flux F,.», with allowance for the correlation (which has been
verified for the given altitudinal range) between density and the

decimeter solar radio emission. Relationship (2) was thus employed.

Figure 8 gives the values calculated on the assumption that

a::-a73m72z85~10ﬂzw-m-2-cps—1
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Curves of Qjﬁ as a Function of Geometric Altitude
Based on Data in Figure 4, With the Daily Variation Range

1 - mean daily values; 2 - maximum diurnal values; 3 - mini-
mum nocturnal values.

for atmospheric density as a function of the change in the solar activity
level expected in the forthcoming years. This figure also plots the

curves corresponding to the mean daily conditions, according to the model
given by Harris and Priester (Ref. 15) for the model parameter of

S = 70 and 150, and also by the CIRA for 1961 (Ref. 12). Computations
which employ forcasted values which take into account the most important
factors in the dynamic nature of the upper atmospheric density provide Z&@
correct results. These results are more correct than those obtained by
employing certain statistical models which reflect, more or less correctly,
only a comparatively small perlod of the actual change in structural para-
meters during the ll-year solar cycle.

The authors would like to take this opportunity to thank

V. I. Krasovskiy for valuable comments and constant attention to this
work.
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Mean Atmospheric Density at Altitudes of 180-300 km
1 - CIRA 1961; 2 - US Standard 1962; 3 - Marov, 196k;
i - third satellite, 1958; 5 - Jacchia, 1963; (day,
"Injun-3"); 6 - Jacchia, 1963 (night, "Injun-3").
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Figure 8
Calculated, Forecasted Density Distributions for
Values of Eg » - 70,150 and 250 wem ~cps™?t
1l - reference curve; 2 - forcasted values; 3 -
CIRA 1961; L4 - Harris and Priester model (S=70
and 150, 9 hours local time).
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COMPOSITION OF THE ATMOSPHERE IN THE 100-200 km REGION

A. D. Danilov

The neutral composition of the atmosphere above 100 km represents
one of the main problems in the physics of the upper atmosphere at the
present time. Up until recently, our information on the concentrations of
the main atmospheric components above 100-120 km was limited to theoretical
models, which investigated the dissociation of oxygen and the gravitational
division of gases above 110-140 km. These models pointed to the rapid
decrease in the concentration of Ny and Op molecules above this level.
Accordiug to the majority cf theoretical distributions of the main concen-
trations, the ratio [O]/[Né] is considerably greater than unity at altitudes
of 180-200 km. And above 200 km it was assumed that the atmosphere is purely
atomic. At the same time, the problem of the concentration distribution of
atomic and molecular components in the upper atmosphere is very important,
since the solution of an entire series of problems, related to the support
of the ionosphere, to the formation of eigen atmospheric emissions, etc.,
is based upon this problem.

In terms of methodology, experimental studies of the neutral atmospheric
composition can be divided into two groups: optical and mass spectrometer.
Optical studies were initiated in 1953 by Bleyram et al (Ref. 1). These
experiments (Ref. 2, 3) included the study of solar radiation zbsorption in
the 1400-1500 E region, and it was found that molecular oxygen is not distri-
buted in the upper atmosphere in the manner indicated by theoretical models
of dissociation. It was found that there is a significant concentration of
Oz molecules up to altitudes of 150-160 km, while - according to calculations of
Pendorf (Ref. A) - the transitional region between O and Oz is on the order
of ten km wide, and lies at altitudes of about 100 km. Fars)

In order to solve the ionization problems of the lower ionosphere, it
ig extremely important to know the concentrations of nitric oxide. The
experimental results obtained by Jursa et al (Ret. 5) showed that the NO
concentration does not exceed 10° cm_3 at altitudes of 60-90 km.

The neutral composition of the atmosphere at altitudes of 100-180 km
was foundin experiments studying the spectrum of ultraviolet solar radiation.
These experiments were conducted in 1960 and 1961 under the supervision of
Hinteregger (Ref. 6, T). The results of these experiments led the author
(Ref. 7) to the conclusion that there is an equalization of the concentrations
of atomic oxygen and molecular nitrogen at an altitude of 120 km, and above
approximately 140 km the atmosphere can be regarded as purely atomic.

The results derived from mass spectrometer studies, carried out somewhat

earlier, on the composition at the same altitudes led A.A. Poklunkov (Ref. 8,9)to a
completely different conclusion. According to the work of A. A. Pokhunkov,
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the proportion of molecular nitrogen in the over-all atmospheric dens1ty
remains almost unchanged up to the investigated altltude of 210 km.

More recent studies with mass spectrometers, carried out in the Soviet
Union (Ref. 10, 11) and abroad (Ref. 12-14), have shown that the first
results of A. A. Pokhunkov (Ref. 9) were correct with respect to the high
concentration of molecular nitrogen. However, they were incorrect with
respect to the high value of [0]7[02], which resulted from making an inac-
curate allowance for recombination of O atoms on the walls of
apparatus. The results derived from optical studies, carried out recently,
on the atmospheric composition (Ref. 15, 16) have also shown that the con-
clusions of Hinteregger (Ref. 7) were incorrect regarding the small propor-
tion of N; at altitudes of 150-160 km. These results also showed that
molecular nitrogen is the dominating atmospheric component at 200 km.

A comparison of the results derived by determining the molecular
nitrogen concentration by different methods, which is shown in Figure 1,
indicates that a mean curve may be drawn based on the results of the majori-
ty of measurements. This curve will differ from the experimental points by
not more than a factor of 1.6. The curves obtained in the first experiment
of A. A. Pokhunkov (Ref. 8) and obtained in the first work of Hinteregger
(Ret. 7), are excluded from the general group of similar curves.

/U

‘y 1 1. 1
700 120 740 60 180 200 H xm
Figure 1

Results Derived from Determining the Ny Concentration by Different Methods

1 - August, 1959, morning ; 2 - September 23, 1960, O hours
56 minutes; 3 - August 23, 1961, 10 hours O3 minutes; 4 -
November 15, 1961, 16 hours; 5 - July 10, 1963, 10 hours;

6 - June 6, 1963, 7 hours 30 minutes; 7 - the mean of data
obtained on June 5, 5 hours 45 minutes and October 25, 16
hours 30 minutes, 1962.

A comparison of the curves shown in Figure 1 with the time at which the

experiments were conducted does not reveal any regular changes in the magni-
tude of [Ny] with the time of day or with the season. Apparently, the con-
centration of molecular nitrogen at altitudes of 100-200 km does not change
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significantly. An investigation of similar curves for the distribution of
O, concentration also indicatesthat no significant variations in the amount
of molecular oxygen is observed. This makes it possible to draw the mean
curve for the change in [Ng] as a function of altitude. The O; and Nz con-
centrations, obtained as the mean of all the values obtained experimentally,
for altitudes of 100-200 km are given below:

H, km 100 110 120 130 140 150 160 170 180 190 200
[N;]"10710 500 120 35 11 6 2.6 1.L 0.87 0.58 0.4 0.26
[0,]-10"° 1700 190 32 10 4,8 2.9 1.k 0.76 0.4k 0.29 0.19

A comparison of the nature of the change in the [0]/(N;] ratio in dif-
ferent experiments shows that there 1s a diurnal varlation in this ratio,
with an increase in [Oj/[Ng] up until midday. Figure 2 shows the change in
[O]/[Ng] at an altitude of 180 km as a function of time, with respect to the
local midday. The similar change with respect to the [0]/[N;] concentration
is apparently related to the absolute increase in [0] at noon, because - as
was shown above - rocket data do not indicate significant variations in the
magnitude of [Nz lJ.

I,Jf'
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A<y
N
'E N, o
7 \\
= AN
= o ‘Q\
~
\\
\\O\
/75 A 1 i i i I
J 4 g 7z
AL=/T-12%
Figure 2

Dependence Of [0)/[N;] On Time, With Respect To the
Iocal Midday At An Altitude Of 180 km

It is thus apparent at the present time that molecular nitrogen is the
main component of the atmosphere, at least up to an altitude of 200 km, which
represents the maximum altitude of rocket studies on the neutral composition
in most cases. The results of one experiment by A. A. Pokhunkov (Ref. 11),
as well as recent studies on the satellite "Explorer-l?", show that the Ng
concentration can dominate in the atmosphere up to an altitude of 300-350 km.
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PROBIEM OF THE TOTAIL AMOUNT OF NEUTRAL
HYDROGEN IN THE UPPER ATMOSPHERE OF THE EARTH

(Summary )
V. G. Kurt

If the transfer equation of L -radiation 1s solved for a spherical Zil
case, with allowance for shade, we obtain the dependence of the theore-
tical albedo (AT) of the Earth's atmosphere on the total optical thick-
ness T, (above 110 km) for the center of the line. The dependence of

on T is formulated within O < 7 < T for 70 = 1, 2, 3, 5, 10. The
results derived from two observations are employed for the solar depression
angle ~ 30 at altitudes of 140 and 70° for 600 km. The observa-
tions were reduced for the background of the extraatmospheric component,
equalling ~'2-10-4erg-cm—2-sec_1-sterad_l, and also for the temperature
difference above and below the level under consideration. With allowance
for these corrections, the albedo, which equals 0.42 for 140 km, increased
to 0.65, and increased from ~ 0.65 to 0.83 for 600 km. An altitude of
140 km corresponds to T/TO = 0.75; 600 km - 0.52. Urder the assumption
that the temperature at the exosphere level is ~'lOOOOK; it is found that
To ~ 6-7 for the conditions formulated above. This corresponds to the
total hydrogen content asbove 110 km ~ 3.5-10"°cm °, and about 15 for the
second case. Thus, the concentration is 107cm™ at an altitude of 100 km,
and 2.5-105 at an altitude of 200 km for a solar depression angle of about
30° - within the framwork of thé thermosphere model postulated by Bates-
Patterson,

UTILIZATION OF ARTIFICIAL EARTH SATELLITE ORBITAL DATA
TO DETERMINE THE WIND VELOCITY IN THE THERMOSPHERE

B. N. Trubnikov

It is a well-known fact that several of the new scientific discov-
eries which have been made by artificial Earth satellites have resulted
from analyzing their orbital variations, and not from measurements
performed by on-board equipment. The processing of orbital AES data has
‘clarified the functional dependence of the upper atmosphere parameters on
solar activity. The purpose of this article is to illustrate the possi-
bility of deriving information on movements in the thermosphere from
orbital AES data, on the basis of existing studies.

Iet us write the equations of the AES motion in the osculeting
elements:
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where a - the main semiaxis of the orbit; e - eccentricity; i - orbital
inclination; Q - longitude of the ascending node; W - perigee argument;

u - latitudinal argument; m - AES mass; O - true anomaly; p - AES orbital
parameter; M - product of constant gravitation by the mass of the Earth;
R, S, W - projections of the disturbing acceleration on the radius vector,
on the perpendicular to it in the plane of the nsculating orbit, and on
the normal to the osculating orbit; u = W -+4; r = p/(l + e cos®); the
main disturbing accelerations arise due to deviation of the Earth's gravi-
tational field from the central field and due to atmospheric resistance:

S =8 +S8;, R=R + Ry, W=W, + Wy where 51, Ry, W; are the projections
of disturbing acceleration due to the eccentricity of the Earth's gravita-
tion; Sz, Ry, Wz - projections of the disturbing acceleration created by
the resistance of the rotating atmosphere.

If the axial asymmetry in the mass distribution 1s disregarded, the

gravitational potential of the Earth is given by the formula

[so]

O, 8) = —L[1— 3 (%) 7,p, (cos o, - (8)

n=g

where P, is the Legendre polynomial; & - the colatitude; j, - the constants
determined empirically. We then have

-9 s _ 00 o0
1ty W,S1———,;>a;,W1:—rgﬁw—ai,cosf):smzsmu. (9)
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The solutions of (l) - (7), in the presence of the perturbations (8),
(9) are known, and can be written, for example, in the form (Ref. 1):

z—zo—i——J2 sm 2i |:30(‘0< (v 4 20) 4 3 cos (2v + 20) + (10)
%—ecoq( v+ Zwﬂ c

g X T o aineg L

a=a -+ ali— 23{(2 3sin z)[e(i + e )cosv+ (11)
4~-%—e2cos2v—%-——e3c0530]-+ ---};
—Q,— 27, (% it —. .. - (12)
Q=0 J2( ) cos i nt {1 }+Aglp+ AQ 5
= o 2 (4—

® = 0, -+ Jz( )(1 5s1n21)nt{1-{— }+AmlP+A(oSp (13)
As can be seen from (lO) - (13), in the expressions for the elements the

nonsphericity of the Earth produces short-, long-. (ep, sp) and secular
terms which depend secularly on time (Ref. 2). The tesseral harmonics

of the Earth's potential can produce long-period effects, if the mean ]
satellite motion is comparable with angular velocity of the Earth's rotation

(Ref. 3). For AES orbits which are close to the Earth, these "resonance"
effects of the ecliptic equator can be disregarded.

Iet us also write, for erample, according to (Ref. 4, 5) the compon-
ents of the aerodynamic force influencing the AES:

Ry = —pCVu,, S, = —pCV (v, — ar cos i),
PVz—-—~pCVdrsu1zcosu,

(14)

where V is the velocity of the AES with respect to the atmosphere; C - Zi3
the constant depending on the area of the effective cross section; p -
the air density which changes exponentially as a function of the distance
r from the center of the Earth; o - angular rotational velocity of the
atmosphere with respect to the Earth's axis; v, v, - components of the
AES undisturbed velocity with respect to R and S. The AES veloc1ty with
respect to the- atmosphere 1is Vv o= vre + vy 2. 2vpor cos 1 + o*rcos e,
where ¢ is the geocentric latitude of the satellite. It can be seen from
(1L4) that in the case of a motionless atmosphere Wy = O for » = 0 - i.e.,
the force which is normal to the orbital plane and which is caused by the
atmosphere is produced only when it rotates. Variations of only 2 para-
meters of the osculating orbit i and (Q are caused by the normsl component
Wy of the Earth's gravity and by atmospheric braking W, .

According to (10) anda (12), W, causes short- end long- period varia-
tions in Q, as well as secular behavior. As a result, the angle of
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inclination i fluctuates, and the orbital plane rotates from the east to
the west at a velocity of
2
—z—Jz (“__pe) cos L. (15)
Since the secular changes of the orbital elements can be determined
most accurately, in order to study any geophysical factor it 1is expedient
to concentrate on the parameter which displays a secular change as a
function of the geophysical parameter being studied. According to (Ref. 15),
the secular behavior of (2 is entirely determined by the constant Jg in the
gravitational potential of the Earth, so that the oblateness of the Farth
can be determined by the secular behavior. Thus, 1f the rotation of the
Earth's atmosphere with an angular velocity of o produces a secular com-
ponent, it should not be studied for - where there is secular motion
due to flattening of the Earth - but for i, where the potential of the
Earth produces only fluctuations, as was indicated above. The effect of
the rotation of the Earth's atmosphere upon the AES motion has been
studied by mony asuthors. We would like to point out the influence of the
atmosphere upon an AES moving along an cliptical orbit. According to
(Ref. 4-6), almost all of the braking which the satellite moving along an
eliptical orbit undercoces has an influcnce close to the perigee point,
since the alr density rapidly decreases with altitude and the perigee
altitude changes slowly. Therefore, the alr density mcasured according
to orbital data from the AES is found completely at perigee, or close to
it.

The change in i with time can be found from (3):

di
dt

c

g ré ..o,
— "= 4 _—Vsinicos?u,
m Vi Vo

This has been done by several authors on the basis of several assumptions
vith respeect to p. Thus, it was found in (Rof. 7) that 1 has a secular
component connccted with the secular change in the period of rotation in
the following way:

Al a sini(‘(gz
AT = aa 37 0% O

which coincides with the corresponding formula given by King-Hele (Ref. 6).

We find that a/xg = 1 + O/aa when we introduce the angular velocity
of the alr with respecet to the Eurth's surface, which is not dependent on
latitude 0 - "the index of circulation”. Thus, for ¢ = O the atmosphere
rotatces along with the Farth, and there is no wind in it. Thus, we have

Al G \sini 4
AT = (1 +g—e—) 3 COs5° .,
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Employing the expression obtained, we can trace the secular changes in
the orbit over long periods of time. With allowance for the monotonic
nature of the orbital secular changes, according to (Ref. 8) we can write /5k

. 6 \sini
dl=(1 +c¥) 13 ‘cos?wdT ,
and can perform integration from several initial values io, T, up to
the values 1 and T. Then

I — iy = (1 +°‘ie)3 §?cos"de,

and we can find the index of circulation in the thermosphere, which is
expressed by the variagtion of the orbital elements:

T
i;=-—1+wb—%>/%‘Sﬁnf“*QdT- (16)

To

Formula (16) was used to compute the circulation indices based on dats
from the first Soviet and American Earth satellites, which are given in
the literature (Table 1).

TABLE 1
Angle Period Perigee Perigee Perigee | Circula-
Satellite Date of of Altitude, |Argument | Iatitude tion
Inclin- | Rotation, kam Index
ation minutes
1957 8 | 11/3 | 65° 33 | 103.75 225 59° 52° N 0.5
2/21| 65 26 97.10 204 1L 15 N
1957 B 3/25| 65. 23 93.78 192 359 25 ~0.k
4/9 | 65. 21 90.78 172 352 8 s
1958 &5 5/15| 65. 19 105.95 226 58 52 N -0.3
10/1 | 65. 17 104.0 217 9 9 N
1958 &, | 10/1 | 65. 17 104.0 217 9 9N 0.45
3/2 | 65. 13 100.75 211 310 Ly 8
1958 e 8/26| 50. 3 110.18 268 50 36 N -1
6/15 | 50. 3 107.06 265 23 18 N

T0



The use of formula (16) to compute the summer orbital data of five
American satellites launched in 1963 (21-A, 21-B, 21-E, 25-4, 29-A) and
the Soviet 1963-33A (Ref. 9) gives the mean circulation index (- 0.4).
Thus, the opposite problem has been solved - determination of wind in
the thermosphere based on data from orbital AES measurements.

The direct problem is usually solved in the literature - computa-
tion of atmospheric rotation for the AES motion. Thus, King-Hele
(Ref. 6) compared the change in the orbital inclination of the second
Soviet satellite 1957 B, produced by atmospheric rotation, with experi-
mental values. According to (Rer. 6), the calculation best corresponds
to actual data in the case of a westerly wind of 90 me-sec . This
corresponds to our calculations given in Table 1. However, for the
equinox period the satellite indicates easterly winds close to the equator.
According to (Ret. T), the best agreecment with observations of the second
the third Soviet AES occurs for ¢ = 0, i.e., the upper atmosphere rotates
with the Earth like a solid body. The estimates given in Table 1 coin-
cide with the calculations of King-Hele for the perigee position in the
winter season in the northern hemisphere. During the summer a strong
easterly wind prevails in the thermosphere; in winter, 1t changes to a
westerly wind. When predicting AES motion, many works assume that the
atmosphere is at rest at perigee altitude. This 1s equivalent to the
statement that an easterly wind prevalls in the atmosphere, with respect
to the terrestrial observer, and equals the Earth's rotational velocity
at the corresponding latitude.

In the last work of King-Hele (Ref. 10), the angular rotational /55
velocity of the atmosphere at perigee altitude was computed according to

the formula
T

fp—i=0,0398 % { M ar,
%® p

where

M:ﬂ%w}—%wkﬁ—%w—%dwﬂm+--J.

This formula changes to (16) for H/ae << 1l. We compiled a table showing
the circulation indices based on the computations of King-Hele (Table 2)

Under the assumption that the westerly-easterly wind in the thermo-
sphere can be described by a formula of thermal wind, King-Hele found that
the temperature must be 10% higher above the equator than it is above the
pole at altitudes of 150-200 km, in order that the wind which was found
could exist. However, it is well-known that, according to rocket data,
the temperature at these altitudes is higher (59°N) in the summer above
Fort Churchill during the day than it is above White Sands (33°N) (Ref. 11).
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TABIE 2

Satellite Years Perigee, km Tatitudinal Circulation
Range Index
1957 By 1958 210 48°N - 10°S 0.2
1958 « 1957-1960 360 25 N - 25 8 0.36
1958 v 1958 190 25 N - 25 S 0.16
1958 &, 1958 210 LON - 10 8 0.4
1958 6, 1958-1960 220 LON - 10 S 0.1
1961 ¢ 1961-1962 240 60 N - 60 S 0.8
1961 1961-1962 300 60 N - 60 S 0.k
1961 g 1961-1962 210 60 N - 6O S 0.k
1961* 1962-1963 200 37T N - 37 8 0.k
1961 v 1962-1963 190 37 N - 37 S 0.9

This lack of agreement between rocket data and information on the wind
obtained from satellite data can apparently be interpreted by the fact
that the wind is determined in the perigee sector by the AES.

It can also be explainec by the fact that the latitude and season of the
atmospheric zone where the perigee is located must be taken into account
during "wing" processing of orbital data.

In spite of the uncertainty of the first data obtained from AES, it
can be assumed that wind observations by the AES were more representative
than observations of noctilucent clouds and ionosphere drifts. This is
due to the fact that the measured wind represents a quantity which is
averaged over g rather extensive perigec section and which contains no
random local fluctuations.

As was already noted above, in several cases the calculated predic-
tion of AES orbits have been successful both for a "motionless” atmosphere
and for an atmosphere rotating at a certain velocity. These variations
can be interpreted by seasonal and dally atmospheric variations, and merit
a more detailed study-

* Note: Illegible in original foreign text.
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DETERMINING THE OZONE CONCENTRATION AT AITITUDES OF L4-102 km
BASED ON DATA OBTAINED FROM NOCTURNAL LAUNCHES OF GEOPHYSICAL ROCKETS

(Summary)

A. Ye. Mikirov

This work discusses the results obtained.at altitudes of 4):-102 km /56
when atmospheric brightness was measured by FIR equipment carried on an
oriented spherical container.

One of the recorders was oriented toward the moon during the experi-
ments. The ozone distribution at this altitude was obtained by
measuring the lunar radiation intensity in the 5850 and 4200 | spectrum
region.

The ozone concentrations obtained are somewhat higher than those
calculated theoretically by Nicoleb and Goriukh, which were found from
the condition of photochemical equillibrium.

The concentration was 10° times greater at night than it was during
the day at an altitude of 85 km.

AFRODYNAMICS OF MANOMETERS AND MASS SPECTROMETERS
CARRIED ON ROCKETS AND SATELLITES

A. I. Ivanovskiy

The following relationship can be readily obtained from the
balance of a flux falling on the input tube of the measurement device,
which is shown in Figure 1, and the flux leaving it:

no = mapot () 5l (1)

Formulsa (l) was obtained in the studies (Ref. 1, 2) for the case of a
cavity connected with the atmosphere by an aperture. Here n is the density
in the equipment; v - the most probable thermal velocity corresponding

to the wall temperature of the equipment; ng, vo - the corresponding
quantities characterizing gas in the atmosphere;

xB)=e®+Vap(l+@@®) B=u/

Th
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K(B) is the Klausing factor of the coupling tube in the presence of an
axial advancing stream, I(O) - in its absence. The ratio between the
stream leaving the tube in a vacuum and the stream from the atmosphere ZEI
falling on the tube is called the Klausing factor for the tube. Thus,

the problem of computing the equipment behavior in a stream of rarefied
gas can be reduced to computing the Klausing factor for the tube.

Figure 1

This problem has been solved under the following assumptions:
(1) The gas in the atmosphere is a Maxwell gas;

(2) The particle colliding against the wall acquires itstemperature,
and is reflected diffusely; +the accomodation coefficieunt is 1;

(3) The particle mean free path in the atmosphere is considerably
greater than the linear dimensions of the equipment.

All of the particles entering the tube can be divided into two
classes:

(1) Primary particles - these particles do not collide even once
with the wall;

(2) Secondary particles, which may collide once with the wall and
which assume the wall temperature.

The secondary particles can be characterized by the radiation
intensity I - by the flux of a number of secondary particles from unit
of wall surface per unit of golid angle. If the diffusion condition
is taken into account, the following integral equation can be written

{7 eosfeo s pp, v o) 0 Tds = ml. (2)
Q

(83

Here ¢ and d'- are the angles between the radiation direction and the
normal to the emitted and received radiation by elementary surfaces;
Y(ﬂ) - the indicatrix characterizing the angular distribution by the
mass stream in the presence of macroscopic velocity; {2 - the index
indicating integration over the equipment surface; U - the index of
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integration over the aperture into which the gas flows.

In the special case of a cylindrical tube, this equation can be
reduced to the following:

2k
1 arctg? N
\w(lx—xl)l(z)d N T 2 L YT A €)
0
_ 4 (g Lzl +6RY)
“’—27*(1 (x4 4RY" )

If the solution of the integral equation I is known, the density of
secondary particles at an arbitrary point and the flux of secondary
particles through an arbitrary area can be computed:
Vg cos & )
o =Y\ 1S5 as; }
e eosd (1)
nglcos cOoS ds.

J
This problem was first solved by Klausing (Ref. 3) for the case of a Zﬁﬁ

static tube (a tube at rest in a gas). This problem was then solved
in the work (Ref L~ 7) in the presence of an axial advancing stream.

The method of solving equation (3) can be reduced to replacing the
true kernel by a certain approximating function. After rather cum.ersome
calculations, we can obtain the formula

loo [ (o]
x(3) K (3) 1 " 1¢ ’ ’
e i) [

Here f is the inhomogeneity of equation (3).
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Figure 3

The results derived from the calculation according to formula (5)
are shown in Figure 2. For a tube which is closed at the bottom, the
following interesting theorem may be advanced: The intensity distribu-
tion I along such a tube is just the same as for an infinitely long
tube. This indicates that only the geometry from the input section to
the ionization region is important for mass spectrometers. The geometry
of equipment located beyond the ionization region does not influence the
particle density in the ionization region. For the region of the bottom
vacuum, the following formula is obtained:

K@) 4., 1 (V= -
o=t () (i ©)
The computational results are shown in Figure 3. /59

All of the preceding discussions pertain to particles which do not
react chemically with the wall. However, aftomic oxygen, which is the
main component of the upper atmosphere, recombines into molecules at the
walls. Therefore, an atomic oxygen concentration which is too low is
recorded. For such particles, the concept of the loss coefficient m is
introduced - the probability of particle loss during a single collision
with the wall.

Equation (3) can thus be modified ags follows: [60

l

glp([.c—uu'j)l(.u')dx'—}—f(x)=[/(1—1]). (7)

«
)

This solution is unusually cumbersome in this case; therefore, it is not
given here (sece [Ref. 61).

One feature of this case lies in the fact that one Klausing factor is
insufficient for the computations here. The factor of inverse conductance
F plays an important role - the ratio of the stream reflected by the tube
to the stream falling o~ the tube.
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The inner density for the equipment (see Figure 1) is determined by
the formula

v = nyvo - (:3) S (8)
2 - 0 —
1—n s
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Figure 6

Here £ =1 - F(O); S5 - the cavity area; s - the area of the input tube
aperture. In the case of 1 ~ O, we obtain formula (l), since in this
case K(O) = ] - F(O). Tables have been compiled for K(B) and F(B),
where these quantities are given as a function of 1/R, u/v and n. The
nature of the dependences obtained can be seen in Fiesures L-T.
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STRATOSPHERE AEROSOL BASED ON SPACECRAFT MEASUREMENTS
(Summary)

G. V. Rozenberg, V. V. Tereshkovg

1. The spacecraft "Vostok-6" obtained photographs of the edge of the/61
Earth, with the twilight aureoles surrounding it extending for about 500 km,
on June 17, 1963. The photographs were taken from the umbra region near
the Atlantic Ocean with a "Konvas" motion picture camera on black and white
£ilm having photometric markings without light filters. The terminator
line extended along the southern tip of Africa.

2. Two bands of decreased brightness could be clearly distinguished in
the photographs; these bands indicated two sharply expressed layers of
increased atmospheric turbidity. The altitudinal, photometric cross section
of the photographs made it possible to determine the dependence of bright-
ness, measured in relative units, on the perigee altitude in the sighting
direction. On the basis of these data, the absolute values and the alti-
tudinal behavior of the scattering coefficients ¢ were obtained for the
aerosol, 1l.e., the altitudinal optical structure of aerosol layers in the
stratosphere. It was found that the first thin aerosol layer was located
at an altitude of 11.5 = 1 km. The second more powerful layer had a
maximum at an altitude of 19.5 #+ 1 km; its half-thickness was 5 km, and
o =510 "km *.

3+ The results obtained were compared with data from indirect and
direct measurements of the aerosol concentration in the stratosphere -
particularly, with data from airplane and balloon measurements, making it
possible to determine the aerosol chemical composition (sulferous compounds
of ammonium), the particle dimensions (0.1-1 micron), the concentration at
the maximum (N = 1 cm—a) and the volumetric concentration (v =10 ¢ .)
These comparisons indicated that the concentration obtained from the space-
craft colncides with data from alrplane measurements; in both cases, it was
determined with an accuracy of one order of magnitude. It was found that
the volumetric concentration was one order of magnitude greater than that
indicated by airplane measurements. This is due to the fact that gyroscopic
aerosol particles in the stratosphere have an aqueous or icy cover. When
particles were captured by the traps, only their dry state was examined,
which was smaller in volume.

L. On the basis of the results obtained, assumptions were advanced
stipulating that the altitudinal aerosol layer represents a source of con-
densation nucleil during the formation of nacreous clouds. The quantitative
characteristics of the aerosol layer must be defined more precisely, parti-
cularly the nature of its horizontal nonuniformity.
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RESUITS DERIVED FROM OPTICAL OBSERVATIONS
WITH THE SPACECRAFT "VOSKHOD"

K. P. Feoktistov, G. V. Pozenberg, A. B. Sandomirskiy,
V. N. Sergeyevich, D. M. Sonechkin

During the flight of the spacecraft "Voskhod", its crew performed /62
a group of optical observations which continued the experiments initisted
on the "Vostok" spacecrafts.

Some preliminary results will be discussed here.

1. Photographs of the light mist surrounding the planeths edge in the
diurnal hemisphere showed that this mist, which is more clearly expressed
in the blue part of the spectrum than it is in the red part, not only veils
the Earth's surface at the horizon, but also the troposphere cloudiness.
The optical horizon of the planet was assumed to be the line of the maximum
vertical brightness gradient, which can be clearly seen in Figure 1, a,
representing the vertical photometric cross section of the horizon bright-
ness (perigee altitude of the sighting line is plotted along the gbscissa
axis; brightness and altitude are expressed in relative units). The change
in the color of the mist with altitude, which is characteristic for the
vicinity of this line, can be readily explained by dispersion of the opti-
cal horizon altitudes, due to the spectral dependence of the scattering
coefficient.

The rather sharply expressed indicatrix phenomenon and the fact that
the optical horizon altitude does not depend on the azimuth are of parti-
cular interest. As a rule, the weakly expressed bands of increased
brightness, which are parallel to the horizon and which have a white color,
on the background of a monotonic decrease in the mist brightness (depending
on the distance between the sighting line and the planet edge) are visually
overlooked. The number of these bands, which are concentrated at below
30 km, varies from one to three. ZFigure 1, b shows an example of a [éj
recording where x;o~ 7-10 km is the altitude of the optically recorded
planet edge above the Earth's surface.

2. When the spacecraft passed above the nocturnal hemisphere not too
far from the terminator, color photographs were obtained of the sunset above
the planet's edge. Figure 2, a, shows a reproduction of one of these photo-
graphs. The characteristic color change - from orange at the edge of the
planet, into white, and then blue during the transition into space - was
caused by selective attenuation of the light from the sunset as it passed
toward the observer.

Attention should be called to the dark bands intersecting the sunset
aureole parallel to the Earth's surface. This is a shadow due to the
aerosol layers screening the sunset region and observed on the background
of the diurnal horizon as weak light bands. These layers are more praminent
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Figure 1

on the background of the sunset than they are on the diurnal horizon,
and have a bluish color in addition to the color of the layers observed
in the daytime. Tt can be seen from the visual recording of this hori-
zon (shown sequentially in Figure 2, ) that this color is actually
observed, and is not caused by color transmittal defects in the photo-
graph. These pictures of the sunset and daytime horizons of the planet
closely coincide with each other and with the picture expected theore-
tically.

From the geophysical point of view, it is Important to stress the
existence of extensive and comparatively stable aerosol layers, which
were discovered previously by ''Vostok-6". We established that their
number fluctuates (from one to three), in addition to the fact that
these layers were observed by "Voskhod" not only at twilight, but also
during the daytime. BSometimes they were not present at all, as can be
seen from the black and white photographs taken under different condi-
tions. Figure 3 shows the altitudinal photometric cross sections of
one of these photographs, corresponding to different azimuths. The
strong azimuthal dependence of the aureole brightness can also be seen
from the figure, as was already observed in photographs taken from
"Vostok-6" and as was predicted theoretically.

3. During the flight of "Voskhod", the nocturnal hemisphere of the
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planet was illuminated by the moon, and during the observations it was
close to the horizon. Under these conditions, a weak Iuminescent band,
extending along the horizon and clearly distinguishable on the background
of the aurora polaris, was observed above the edge of the planet at an
altitude of about 2.5—30. It was bluish-white, with a yellowish-green
shade. At the sublunar point, the brightness was comparable with the
brightness of troposphere clouds illuminated by the moon, and decreased.
considerably as one receded from the sublunar point (the band could be
traced to 30—350 on both sides).

The altitudinal distribution of the luminescence (sharp upper boundary)
and blurred lower boundary) indicated that the luminescence was concen- Z6M
trated in a comparatively thin layer. When the spacecraft left the shade,
the luminescent band "dissolved" in the daylight.

L. When the spacecraft left the shade (very rarely above the diurnal
hemisphere) comparatively slowly moving luminescent points of white light
appeared beyond the illuminator; these points curved toward the sun rays.
This phenomenon was first observed by John Glenn, and then by many other
cosmonauts. According to observations by the spacecraft "Voskhod",
several particles with a brightness of between 0-2 stellar magnitude
usually moved into the L0-60° field of view. The particles remained in
the field of view for 10-15 seconds. Their direction of motlion was dif-
ferent, and sometimes they changed before the eyes of the observor without
any apparent external reasons.

The particles were located at 0.5-3 m from the spacccraft (at larger
distances, they disappeared from the field of view). This provides a basis
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Tor assuming that the particles represent ordinary dust particles which
are on the order of 10 microns in size; these dust particles are illumi-
nated by the Sun and move with respect to the spacecraft at a velocity
of 0.1-2 m/sec, i.e., they belong genetically to its system.

5. Among the photographs obtained, there are two series of photographs
depicting cloudiness on the background of a water surface. One pertains to

the periphery of a cyclone, and the other pertains to the periphery of an
anticyclone.

A statistical analysis of the brightness structure of the cloud
fields, which was performed on the results derived from photometric
measurement of these photographs with a resolution of 1 kmg, has not only
confirmed the connection between the statistical characteristics and the
type of cloudiness, but also between the amount of cloudiness. Figure L
shows examples of normglized correlation brightness functions for differ-
ent types of cloudiness on the periphery of a cyclone (1 - small cloudi-
ness AC; 2 - significant cloudiness A.; 3 - significant cloudiness
Ac, Ci; b4 - significant cloudiness Cig. For these types of cloudiness
(and for a Watersurface) the cne-dimensional brightness distribution law
differs from the normal law.
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RESULLS DERIVED FRCM ROCKET RESEARCH ON THE EARTH'S
UPPER ATMOSPHERE BETWEEN 1960-196L4

(Summary)

S. M. Poloskov

This report includes:

1. The results cderived from studying the neutral composition of the
Earth's atmosphere by means of radio frequency mass spectrometers carried
on geophysical rockets. Data are obtained on the distribution of all the [éi
main neutral gases comprising the BEarth's atmosphere, as well as small
admixtures of non-atmospheric origin, at altitudes greater than 100 km.
In addition to these data, the results derived from studying other struc-
tural (thermdbaric) parameters of the upper atmosphere (pressure, tempera-
ture) by means of mass spectrometers are also presented.

2. Certain geophysical and astronomical results obtained by geophysi-
cal rockets during the total solar eclipse on February 15, 1961.

The outer corons brightness distribution in the 3000-6000 2‘spectral
region during the total solar eclipse on February 15, 1961, was obtained
by an electrophotometer carried on a spherical conta.ner oriented in
space. The results obtained do not indicate a smooth brightness distribu-
tilon behavior at distances on the order of 11-33 R, from whe Sun, which
points to the existence of nonuniformities in the solar corona which have
linear dimensions on the order of 300,000 km.
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In sddition, the ozone distribution at altitudes between L0-80 km
before, during, and after the eclipse was obtained, based on absorption
in the 2700 spectral region. A comparison of the results shows that
there is an ozone concentrstion increase at these altitudes during an
eclipse.

3. The results derived from a study of the scattered light of the
sky, and - on the basis of these data - the results derived from study-
ing the aerosol component distribution in the upper atmosphere up to an
altitude of 450 km. The results derived from studying the upper atmos-
phere brightness at altitudes between TO-450 km are given. It is
found that the upper atmosphere brightness values obtained cannot be
explained by Rayleigh scattering or by eigen atmospheric luminescence.

An assumption is formulated regarding the aerosol nature of the
brightness values obtained. Based on this, the scattering coefiicient
and the scattering (dust) matter concentration is computed. It is
found that there is an aerosol layer at the Earth with a matter concen-
tration maximum at an altitude of 80-85 km. It is also found that the
aerosol Jayer continues to exist at altitudes greater than 500 km.

L. The results derived from studying the altitudes and intensities
of the main terrestrial atmosphere cmissions facilitate a determination of
the intensity and altitude of the 5577 and 6300 R luminescence lines, as
well as the continuous background in the 5300 spectral reglon.
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INFRARED SPECTROPHOTOMETRY
OF THE EARTH'S THERMAL RADIATION

A. I. Lebedinskiy, D. N. Glovatskiy, V. I. Tulupov,
B. V. Khlopov, A. A. Fomichev, and G. I. Shuster

An essential role in meteorological processes is played by thermal
radiation of the atmosphere and the underlying surface. By now rather
extensive information has been amassed on the integral thermal radiation
of the atmosphere and the underlying surface, as well as on radiation in
narrow spectral intervals in the infrared region which can be recorded
from artificial Earth satellites (Ref. 1-7). Information on colorimetric
(Ref. 8) and spectral distribution of thermal radiation, however, is very

sparse (Ref. 9).

An experiment was performed to study energy distribution in the
thermal radiation spectrum of the Earth (atmosphere and underlying sur-
face); prelimiqg?y processing of results from this experiment has pro-
vided the information presented in this report. The experiment employed
a scanning diffraction spectrophotometer installed on the artificial
Farth satellite "Kosmos-U45". The orbital elements of this satellite /66
are: angle of inclination of orbital plane to the equator - 65°; period
of revolution T = 89.69 min.; perigee altitude - 206 km; apogee altitude -
327 km. The spectrometer uninterruptedly conducted measurements for 65
hr. Information was obtained which made it possible to compile a rather
detailed chart of the Earth's thermal radiation field from 65°N to 65°S.

The optical axis of the instrument pointing toward the Earth was
vertically oriented. Background comparison radiation (from space) en-
tered the device horizontally. Measurements were made by the Earth-space
method of modulation. Assuming that there is small radiation from space
in the thermal region of the spectrum, we can obtain absolute readings
of the Earth's thermal-radiation flux.

A photometer measuring brightness at the nadir in the waveband of
6000-8000 & was employed to determine the nature of cloudiness in the sub-
satellite region. Photometer resolution in this locality was about 30 km.

The spectrophotometer is an electron-opticomechanical instrument de-
signed to measure the strength of the Earth's thermal radiation in a
spectral range of 7-38 ¥. The device has two spectral measurement ranges
which are necessary for operation in a very wide spectral region without
superposition of the third and higher spectral orders on the working
spectrum of the first order. The spectral radiation intensity is measured
in the first spectral range in the wavelength range from 7 to 20 microns;
in the second - it is measured in the wavelength range from 14 to 38 microns.

The dispersing elements of the instrument's monochromators are plane
reflecting diffraction grids of 24 lines per mm in the first spectral
range, and 12 lines mm in the second, with maximum energy concentration
in the spectrum of the first order at 10 u wavelengths in the first
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spectral range, and 20 W in the second spectral range.

Spectral resolution of the instrument is (a) from 1.4 p at a wave-
length of 7 u, to 1.1 u at a wavelength of 18 W in the first range, and
(b) from 2.8 u at a wavelength of 14 u, to 2.1 u at a wavelength of
36 u in the second.

The instantaneous visual field of view angle of the instrument's
optical system is 1°46' x 2°20'. At average flight altitudes of 250 km
at this field of view angle the inlet slits are filled with an image of
a T.5 x 10 km? portion of the radiating surface.

The instrument is capable of scanning with a visual field angle of
+ 8°30'. During scanning, the spectral strength is measured in the wave-
length ranges: (a) A = 9.5 + 0.6 u in the first, and (b) X = 18.5 +
1.35 ¥ in the second range.

This mechanism was turned off in our experiment, and in measure-
ments at the 9.5 and 18.5 ¥ wavelengths there was only area scanning
along the satellite's flight path caused by its orbital motion.

As radiation receivers, the instrument used semiconductor bolometers
2

with a sensitive area of 1 x 1 mm~.
The instrument's operating cycle comprised the following sequen-
tially performed operations:

(a) Measurement of energy distribution from 7 to 20 v in the spec-
trum for 18.5 sec;

(b) Scanning along the satellite's path of motion for 1h.L sec at
wavelength X = 9.5 yu;

(c¢) Measurement of energy distribution from 14 to 38 u in the spec-
trum for 18.5 sec;

(d) Scanning at a wavelength of 18.5 u for 1h.L sec. The remainder /67
of the time in the cycle was occupied by transitions between operating
regimes. The period of the instrument's complete operating cycle was 81 sec.

A six-channel oscillograph used 35 mm moving picture film to record
information from (l) the infrared spectrophotometers described here,
(2) a photometer for visible radiation, (3) the ultraviolet monochroma-
tor and colorimeter, which were on the same satellite and were described
in an article (Ref. 10) which is being simultaneously published. Two
channels registered the readings of the infrared spectrophotometers; one
channel was used for the visible radiation photometer; two channels were
switched on, depending on illumination at the subsatellite point. (The ul-
traviolet monochromator readings were recorded on the diurnal side, those of
the colorimeter were recorded on the nocturnal side.) One channel was util-
ized via a 12-terminal switch to measure auxiliary parameters (instrument tem-
perature, power supply voltage, etc.). The moving picture film traveled at
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Figure 1

Optical Diagram of Spectrophotometer

0.8 mm per sec. Every 112 sec the image of the dial of an electric clock
was printed on the film. After termination of observation, the film
container was returned to Earth, and the film was developed under labora-

tory conditions.

Figure 1 gives the optical diagram of the instrument. Iight enters
through inlet window 8, which provides a hermetic seal for the entire
instrument complex. The window is made of KRS-5 crystal.

A specular, two-sided gold-plated modulator T with four blades
gsuccessively replaces the luminous flux from the surface being studied Z§§
by the flux from the background of comparison, and vice versa, at a rate
of 27 cps at the input slits of the monochromators.

Mirror objective 1 reflects a section of the investigated surface to
the inlet slits of monochromators 3 and 3'; the same objective 2 is
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Figure 2

Kinematic Diagram of Spectrophotometer

directed into space toward the comparison background; both objectives
have focal lengths of 55 mm and aperture ratios of 1:2. Both diffrac-
tion monochromators are provided with collimators and cameras with
identical mirror objectives (4 and 4', 6 and 6'); the camera objectives
have focal lengths of 20 mm and aperture ratio of 1:1l.

All the mirror objectives are extra-axial paraboloids and all are
gold-plated, except for 4', which is made of uncoated lithium fluoride.
Objectives 1 and 2 are so placed that the luminous fluxes from the inves-
tigated surface and the comparison background pass through the very same
spot 1in the inlet window, thus eliminating noise from discontinuities
in this window.

As cutoff filters, the optical system uses plate 9 in the first
spectral range. This plate is made of indium antimonide O.15 mm thick,
which cuts off radiation shorter than 7 W. There is no transparent
light filter in the second spectral range, but the lithium fluoride
crystal of which collimator objective 4' is made does not reflect radiation
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shorter than 14 H, while giving good reflection in the entire range
from 14 to 38 w. '

The radiation fluxes from investigated surface and comparison back-
ground, which are distributed along the spectrum, are simultaneously
focussed by objectives 6 and 6' onto the sensitive areas of the two
radiation recelvers in such a way that, when radiation from the inves-
tigated surface reaches the first spectral-band receiver, the compari-
son-background radiation arrives gt the second spectral-band receiver,
and vice-versa.

The spectrum is scanned by rotating the diffraction grids about Z§2
axes parallel to the lines on the grids by means of the corresponding
cam mechanisms (1 and 2, Figure 2). Area scamning at an angle of
+ 8°30' is accomplished by rotating the mirror objectives (1 and 2,
Figure l) about axis OO0 at an angle of + 12° by means of cam mechanism
3 (Figure 2). In the given experiment, cam 3 was removed and objectives
1 and 2 were rigidly attached.

The cam mechanisms and modulator disc are driven by & worm-cylinder
reducing gear from a hysteresils synchronous motor, fed from the satellite
power system through its own static converter.

95w 7 8NBIENE  M5u %20 26 32 3
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Figure 3

Sample of Calibration Trace of Radiation
From Absolutely Black Body

The radiation acting on the bolometers is converted into 27-cps
electrical signals which go to the input of the amplifying loop. In
this loop they are amplified and converted into d.c. voltages porpor-
tional to the radiation fluxes.

To measure the radiation divided by the instrument's optical system
into two spectral ranges, the amplifying loop accordingly contalns two
channels, each of which has its own preamplifier. In addition to their
sensitive elements and preamplifiers, the channels share still another
part - the amplifier. To increase the range of measurements, the ampli-
fier is in turn divided into two subchannels with different amplification
factors and separate outputs to two oscillograph loops with a sensitivity
ratio of 1l:2.5. The spectra were linked to the wavelength by the
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absorption lines of polystyrene and the reflection lines of quartz, as
well as by the familiar bands in the Earth's atmosphere - the ozone
band at 9.6 u and the blend of carbon dioxide and ozone with its center

near 15 Q.

Before the start of the experiment, the instrument was calibrated
by the radiation of a black body. This was done by using two identical
black bodies set at a 90° angle to each other, in such a way that radi-
ation from each of them filled the input aperture of the main channel
and the comparison channel, respectively. The second black body (in
front of the comparison channel) was at room temperature; the tempera-
ture of the first was changed. The temperature of both black bodies was

measured with 0.5° accuracy.
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Sample Trace (Top) Obtained During Satellite Measurements;
(Center) Spectral Transparency Curves of Instrument's Optics;
and (Bottom) Photometer Trace for Visible Radigtion

Radiation spectra were recorded with the first black body at dif-
ferent temperatures 5° apart, and with the second at a constant tempera-
ture. Figure 3 shows a specimen calibration trace of a complete
spectrophotometer cycle for the difference in radiation between black
bodies at temperatures T, = 336°K and Ty = 302°K.
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The top portion of Figure L4 gives a sample recording obtained during
flight in space. In all, 2880 such traces were received while our equip-
ment was in operation on satellite "Kosmos-45".

Overlaps of a second-order spectrum are clearly seen in the black-
body laboratory spectra and in the longwave spectrum received from space.
Overlap occurs in the longwave spectrum from 28 to 34 p, and in the
shortwave spectrum from 14 to 17 u. At greater wavelengths, second-order ZZQ
spectrum strength diminishes practically to zero, while the first-order
spectrum still remains of satisfactory strength. At wavelengths shorter
than 28 y in the longwave spectrum, and shorter than 14 p in the short-
wave spectrum, there is no overlap at all, because the abovementioned
cutoff filters with respective pass limits of 14 and T u are used.

The spectral transmission coefficients of all instrument optical
system elements, except diffraction grids, were measured on spectrophoto-
meters. The center part of Figure 4 is a graph of the general transmis-
sion coefficient of the entire optical system; it is the product of the
transmission coefficients of all optical system elements and is expressed
in garbitrary units. When the spectrum was scanned, this coefficient
changed as a function of wavelength; during area scanning, it remained
constant. The breaks in the transmission coefficient curve in the inter-
vals between spectrum and area scanning correspond to the periods of rapid
motion of the diffraction grid from the position at the end of spectrum
scanning to that at the beginning of area scanning - or, on the other hand,
from the latter position to the one occupied before spectrum scanning.
Some features of the trace in these transition sectors (particularly the
ordinates of minimum A and maximum B noted on the shortwave scan) make it
possible to check instrument operational accuracy and the constancy of its

electric inertia.

We have used data from (Ref. 11) also in relative units to calculate
distribution of light intensity over the spectrum, which is defined by the
diffraction grid in the high-concentration region. With a knowledge of
both instrument factors - spectral transmission coefficient and spectral
reflecting capacity of the grid - we can convert the traces into curves ZI;
of relative intensity and can then change these data into absolute units
by comparing them with results of black-body laboratory measurements with

the same instrument.

In actual fact, the absolute calibration method is more complex be-
cause, when related to black-body radiation, the system of reference wave-
lengths is determined more accurately, as are also effective spectrophoto-
meter resolution, the nonlinear characteristics of its scale, and the
wavelength value of peak diffraction grid light concentration, which de-
pends nct only on the grid's geometric characteristics, but also on the
degree to which the light is polarized.

After selecting optimum values for all parameters, we plotted cali-
bration curves showing the dependence of trace ordinates on radiation
flux expressed in absolute units every 1-2 ¥ for all wavelengths. These
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Figure 5

Energy Distribution in Typical Spectra in the 7 to 20 u
Range, and Comparison of it With Black-Body Curves

calibration curves were used to plot black-body radiation curves every
10° from 200 to 300°K on the same scale as the spectra being recorded.

In large-sclae processing of the spectra, it proved convenient to project
the trace images on a screen, on which a family of black-body curves at
different temperatures was plotted as a reference network. TFilgures 5 and
6 present samples of traces (dark lines) projected on such a network.

The higher intensity curves match cases of clear weather, and the lower
intensity curves - cases of cloudy weather.

The shortwave spectrum in Figures 4 and 5 clearly displays an ozone
band with its center at A = 9.6 u and a blend of carbon dioxide and ozone
bands centered at 15 u, sharply dividing the spectrum into two parts.

The longwave-spectrum peak occurs at a wavelength of 18.5 u. It is
at this same wavelength that area scanning occurred. The peaks of the
black-body calibration curves of the corresponding temperatures occur
at A = 17 u. The peaks of the investigated spectra are shifted due to
the effect of a strong absorption band in the atmospheric spectrum.

A number of curve irregularities, which are particularly noticeable ZIE
in the area scans, are causcd by nonuniformity in the measured surface.
In Figure 4 the satellite is flying over a rather uniform surface, as is
evident from the photometer trace of the visible radiation given in the
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Figure 6

Energy Distribution in Typical Spectra in 14 to 38 p
Range, and Comparison of it With Black-~Body Curves

lower part of this figure (brightness at the subsatellite point fluctuates
within 0.35-0.55 sb). When cloudless regions alternate with clouds, the
trace fluctuations are usually very strong.

The chief purpose of the visible-radiation photometer is to provide
a method for distinguishing cloudsfrom land and sea surfaces which is
independent of infrared measurements. In 0.6-0.8 |1 red light, the albedo
of clouds reaches 60-T0%, while water surfaces and dry-land regions
covered by a forest seem almost black. Even deserts have an albedo which
differs sharply from that of clouds, e.g., in the Sahara our measurements
show that albedo varies from 15 to 25%.

In the so-called spectral "transmittance window," i.e., at wave-
lengths fram 8 to 12 y, the effective radiastion temperature - when there are
no clouds - is close to that of the ground. With clouds, however, it
approaches the radiation temperature of their upper surface, often differ-
ing by 20-30° from ground temperature. There should therefore be, and in
actual fact there is, a close negative correlation between intensities
measured in this waveband by the infrared spectrophotometer and bright-
nesses at the subsatellite point measured by the visible-radiation
photometer. A graphic illustration of this may be found in Figure T, where
a btypical area scanning at 9.5 p_(curve l) is compared to a visible-
radigtion photometer trace (curve 2). The scale of effective temperatures
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for curve 1 is given at the left; the scale of brightness for curve 2 is
given at the right in stilbs. The time in seconds, computed from the start
of scanninc (15 sec corrcsponds to satellite travel of 120 km) is plotted

alony the abscissa axis.

It should be noted that, in spite of the fact that area scanning occurs
in the ozone absorption band (centored at 9.65 p) the fluctuations of curve
1 in Figure 7 are explained principally by variations in radiation from the[Zi
underlying surface, not irom changes in atmospheric ozone content, since
bandwidth AA = 1.2 y registered by the instrument is wider than the ozone
absorption band.

We could have casily predicted the finding shown in Figure T, but the
similar graph in Figure 8, where curve 1 represents a typical area scan at
wavelength 18.5 \, is far from trivial. The negative correlation in this
case is just as close as in the preceding. However, wavelength 18.5 bois
not situated in the transmittance window, but in a region of rather strong
water-vapor absorption bands, and the portion of radiation contributed by
the lower tropospheric layers to the radiation flux emitted into outer
space should be materially smaller here. The dependence of effective temp-
erature of incoming radiation on cloudiness at greater wavelengths should
be even weaker, since the mean water-vapor absorption coefficient increases
significantly on the longwave side. In reality, this is not the case. The
typical curve of spectral energy distribution in Figure 6 does not differ
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greatly from the black-body curve in the entire wavelength range from
20.to 35 H. This deduction, based on an investigation of the typical
curves, 1s corrcborated by random statistical processing which still
encompasses only a portion of the material at our disposal.

Figure 9 shows the latitudinal dependence of effective temperature
st a wavelength of 9.5 W from area scanning data on one of the revolu-
tions. Time from the moment the satellite crosses the equator is plotted
along the abscissa axis, and latitude ¢ and longitude 1 of the subsatellite
point are given every 8 min (longitude is assumed to be positive eastward
from Greenwich).

The figure presents three curves: the upper corresponds to highest
radiation intensities in every scan; the lower, to the smallest intensi-
ties; and the middle, to average intensities over the area delimited by
the scanning curve. It is evident that the curves undergo dbrupt changes
which can be explained by cloudiness. It is clear from the figure that
curve behavior varies - now the curves approach each other closely, now
they diverge widely. The explanation of this lies in the varying degree
of radiation field nonuniformity. In cases where the curves approach
each other closely, the radiation field during the period of area scan
(14.4 sec) has not substantially changed. When, however, the curves
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diverge, the radiation field is highly nonuniform, and the explanation
lies in changes of the underlying surface - most often by alternation
of clouds and spaces between them. Abrupt dips in radiation at 9.5 U
are often observed, when effective radiation temperature drops to 250-
260°K. At this moment the cloud cover has entered the instrument’s
field of view. The discontinuous segments of the curves indicate the
instrument has gone off scale i.e., effective radiation temperatures
above 300°K.

The graphs in Figure 10, plotted just 1like those in Figure 9, also
present a similar picture, but for a wavelength of 18.5 H and another
revolution. The only essential difference is that the maximum tempera-
tures here are somewhat lower.

Figure 11 compares the latitudinal relationships of the average
effective temperatures during scans for wavelengths 18.5 Moand 9.5
(curves 1 and 2, respectively) with the photometer trace for visible
radiation (upper curve) for a single revolution. The photometer
readings are zero on the nocturnal side of the Earth (from 27 to 72
min) and closely coincide with both effective temperatures on the Earth's
diurnal side.

The correlative graphs in Figure 12 were plotted from measurements
on 180 consecutive intensity traces at five wavelengths: 9.5, 18.5, 26,
and 34 , as well as at the minimum of the carbon-dioxide and ozone-band
blend near 15 ph. In the two graphs at the left the intensity at 18.5 vl
was megsured from shortwave spectra, and in the two at the right - from Zzé
longwave spectra. All intensities are expressed in arbitrary units. In-
tensity in the minimum absorption band of about 15 u is almost constant,
as has been previously noted (Ref. 6). A rather close correlation is
detected between intensities at the other four wavelengths, and indicates
that the spectra are fundamentally described by one parameter, i.e., the
effective radiation levels do not differ too greatly in the various spec-
trum intervals from 8 to 35 W. Since all spectral intervals, in the first
place, display a great cloudiness effect on strength of radiation leaving
the atmosphere, and since, in the second place, the effective temperature
is close to the temperature of the lower troposphere, it i1s probably
precisely these layers which must be regarded as the maln source of the
radiation leaving Earth's atmosphere.

This conclusion is also confirmed by the latitudinal dependence of
effective radiation temperature. The stratosphere is known to be colder
at the equator than at high latitudes. Therefore, if the effective
thermal-radiagtion level were in the stratosphere, the curves showing
latitudinal dependence in Figures 10 and 11 would rise in the high lati-
tudes and descend in the equatorial region. The actual course of these
curves is Jjust the reverse, i.e., the same as in Figure 9.

The essential characteristic of the derived spectra is the very large
and highly varisble intensity of the ozone band centered at 9.6 {. Figure 13
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Examples of Differing Intensity of Ozone Band at 9.6 u

presents examples of three spectral traces of this band at differing
depths - all recorded in 10 min near a latitude of 65°. The actual depth
of the ozone band must be even deeper, since the instrument which con-
ducted the measurements had an effective resolving power of about 1.2 W,
which was substantially wider than the ozone band.

The latitudinal dependence of the relative depth of the ozone
absorption lines was likewlse plotted. The relative depth of these lines
has been defined as the ratio Ah/h, where h = (h1+ hg)/E,hl is the height
of the spectrum when A = 8.5 M5 hp is this height when A = 11 u; Ah = h-hg,
where hy is spectrum height with A = 9.6 Y. Figure 14 presents this
latitudinal dependence. As is evident from the figure, the amount of ozone
in the atmosphere at high latitudes in September exceeds that in the equa-
torial region. The variations in absorption-band depth from place to place
are clearly evident.

It has already been repeatedly observed that there are two components
which absorb longwave radiation in the 14-15 | region: The very strong
carbon-dioxide absorption band from 12.9 to 17.1 W, centered at A = 14.7
and the ozone absorption band from 12.5 to 15.5 [, centered at A = 1h.1 .
This ozone absorption band is often left out of consideration because it
coincides with the very strong CO, band. However, since the oxone absorp-
tion-band at 14k.1 p may be rather strong, as follows from .xamining the
absorption band at 9.6 |, the contribution made by ozone to the observed
14.5 y band may be substantial.

When explaining the exceptionally high intensities of the carbon-
dioxide and ozone absorption-bands, we should probably bear the fact in
mind that, just as in stellar atmospheres, scattering in the rarefied layers
above the region of local thermodynamic equilibrium may play an essential
role in the formation of dbsorption lines in the Earth's atmosphere.
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INVESTIGATING THE EARTH'S ATMOSPHERIC RADIATION
IN THE VISIBIE AND ULTRAVIOLET REGIONS

A. I. Iebedinskiy, V. A. Krasnopol'skiy,
A. P. Kuznetsov, and V. A. Tozenas

The artificial Farth satellite "Kosmos-45" measured night airglow
and scattered solar ultraviolet radiation. The satellite's orbit was
inclined 650 to the equatorial plane; the experiment was conducted in
September, 196L. An ultraviolet spectrophotometer, which was turned on
only on the day side of the Earth, was used to register the scattered
ultraviolet radiation. A colorimeter, operating only on the night side
of the Earth, was employed to measure the night airglow. The instruments [IQ
were canmutated. on and the underlying surface checked by a recorder meas-
uring illumination at wavelengths of 0.6-0.85 py. The optical axes of
the instruments were pointed at the nadir.

Measurement Equipment

The ultraviolet spectrophotometer (Figure 1) is a double monochroma-
tor operating in the 2250-3100 s region. Light coming through the quartz
window and condensing lens arrives at the spectrophotometer inlet slit
and proceeds on to a concave diffraction grid (600 lines per mu) with a
focal length of 125 mm. The diffraction grid lines are oriented for first-
order dextrorotary reflection of the maximum amount of light at the wave-
lengths around 2500 ﬁ. A spectrum with a dispersion of 67 /mm is reczived
at the image plane of the inlet slit, where there is a moveable outlet slit
which separates a narrow band of wavelengths from the spectrum. The output
slit is moved by a step-type motor which is turned on by multi-vibrator
pulses through a relay. In 150 steps the slit moves from the longwave to
the extremely shortwave position, after which it returns to its original
position. This cycle for recording one spectrum lasts about 30 sec.

After the outlet slit, the light passes through a lens which converts
the diverging beam into a parallel one, which falls on a flat diffraction
grid having 2400 line/mm. The linear dispersion of the monochromator with
the flat diffraction grid is equal in magnitude to that of the concave grid
and opposite to it in sign. Thus, regardless of wavelength, the light hits
the same spot on the photomultiplier photocathode. [IQ

Double monochromatization is employed because of the need for maximum
reduction of scattered light. For the same purpose, the spectrophotometer
components are blackened, and the different parts of the optical system
are photoinsulated from each other as much as possible.

The light flux is modulated at a frequency of 600 cps by a shutter
situated immediately behind the quartz inlet window. Modulation frequency
stability is about 1%.
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Block Diagram of Equipment

The photomultiplier with an antimony-cesium photocathode on quartz
had an amplification of around 107 and was fed from a converter giving
a stabilized voltage of 1250 v. The photomultiplier output signal was
amplified by a preamplifier with a tuned frequency of 600 cps and pass-
band of 30 cps. It then went to the main amplifier and detector. The
rectified signal was recorded. The preamplifier is situated within the
optical unit of the spectrophotometer; a separate unit contains the main
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Dependence of Ultraviolet Spectrophotometer
Sensitivity on Wavelength According to Data
From Calibration Measurements with S18-200
Incandescent Lamp and DVS-25 Hydrogen Lamp

amplifier, detector, voltage converter, multivibrator, step-type
starting motor, as well as the units ensuring instrument commutation
and operation of colorimeter and luminosity sensor.

Instrument resolution was 15 R - the 2393.5 and 2379 R lines of
the mercury spectrum were resolved by the instrument at the limit.

The visual field of the instrument covers an area of 20 km. The
ingtrument was calibrated by mercury-spectrum wavelengths, and for sen-
sitivity by means of the spectrum of a hydrogen lamp and a standard
ribbon-filament incandescent lamp. The spectrum of the ribbon-filament
incandescent lamp, in turn, was calibrated by a black body with 5%
accuracy to 2450 ﬂ. For the hydrogen lamp the average spectrum for this
type of lamp was used. Figure 2 shows the instrument sensitivity obtained
by calibration as a function of wavelength. The agreement between results

in calibrating the hydrogen and the ribbon-filament lamp was quite satis-
factory.

A photoresistor of cadmium selenide situated at some distance from
a lens of KS-10 glass acts as the luminosity sensor. The sensor's areal
field of vision is 25 km. The KS-10 glass cuts off radiation of wave-
length shorter than 0.6 W, thus eliminating the effect of light scattered
by the atmosphere. The infrared sensitivity-boundary of cadmium selenide
is about 0.85 W; hence the luminosity sensor is a photometer in the
0.6-0.85 u region. The sensor was calibrated by sunlight reflected from
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a magnesium oxide screen. Neutral light filters were used for the cali- [§9
bration. Figure 3 gives the dependence of sensor readings on screen
brightness. Sensor nonlinearity in low fluxes was caused by photoresistor
nonlinearity; nonlinearity in large fluxes was created by the electric
circuit for extending the range of sensor operation in high degrees of

ilJumination.

The colorimeter (Figure 1) for measuring night airglow had a shutter
and a disc with light filters arranged along one axis. The shutter
modulated the light flux with a frequency of 500 £ 10 cps. The disc with
the light filters was rotated once in 12.5 sec through a reducer by
the same motor which rotated the shutter. Directly behind the disc were
two photomultipliers of the same type as the ultraviolet-spectrophotometer
photomultiplier. Each photomultiplier had its own amplifying circuit. The
sensitivities of these circuits differed by factors of approximately 30.
The optical unit of the colorimeter also contained a converter (for
powering the photomultipliers), input amplifiers, and noise-suppressing
filters for eliminating motor-effect on the sensitive input circuits. The
main amplifiers were located in an electronic unit. They had a resonance
frequency of 500 cps and passband of LO cps. The electrical units of the
colorimeter did not essentially differ from analogous ones in the ultra-
vioclet spectrophotometer. The areal field of vision of the colorimeter

was 120 km.

Rel. unit
48 -
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g4}

42+

Figure 3

Dependence of Luminosity Sensor Readings on Screen
Brightness (100% corresponds to a brightness of 3.0 stilbs)

Figure L4 gives the light-filter transmission curves. ILight filter
7ZhS-4 cuts off ultraviolet radiation. On the longwave side the region
separated out by this light filter is delimited by the longwave boundary of
the antimony-cesium photocathode around 6000 . Light filter UFS-1 makes it
possible to measure radiation in the 2500-4000 A wavelength range. Two
narrow-band light filters segregate emissions at S$577 and 391k %. The
passbands of the narrow-band light filters are about 100 % wide. An SFD-2
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Colorimeter Filter Transmission Curves

spectrophotometer was used to measure the light-filter transmission curves.

One of the five apertures for light filters in the disc is left open.
The radiation arriving at the photomultiplier through this aperture is
limited on the shortwave side by the quartz illuminator transmission. The
engineering standards for the quartz set in this illuminator correspond to
transmission no poorer than 20-MO% for 1650 R radiation.

Colorimeter calibration was accomplished by means of the same ribbon-
filament lamp used to calibrate the ultraviolet spectrophotometer. A
diaphragm 1.03 mm in diameter and a set of neutral light filters were
employed to reduce the flux when calibrating effective instrument sensiti-
vity with Zhs-4 and 5577 it light filters. As a result of this calibration
the instrument factor was determined in absolute units for radiation in
the visible spectrum, which makes it possible to calculate instrument sen-
sitivity for ultraviolet light-filters by means of the photomultiplier
spectral-sensitivity curve and the light-filter transmission curves. This
was also the means for determining instrument sensitivity in the absence
of a light filter and for light filters 3914 3 and UFS-l1. When instrument
sensitivity with narrow-band light filters was determined, corrections were
introduced for the dependence of the transmissivity of these filters on the
incident angle of the light ray.
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Experimental Results

Figure 5 gives the typical aspect of an atmospheric spectrun
recorded by the ultraviolet spectrophotometer. The ultraviolet spec-
trum of the Sun obtained by Rense (Ref. 1) by rocket on August 6, 1957
is also shown. The structure of both spectra 1s similar, but intensity
decrease in the atmospheric spectrum as wavelength becomes shorter is
substantially steeper than in the solar spectrum. This is caused by
rising ozone absorption.

The computed spectra in (Ref. 2), in contrast to those observed,
take a smoolhor course because a solar spectrum with the low resolu-
tion of AM = 50 X (this spectrum was given, for example in [Ref. 3])
was used in this computation.

The spectrum depends on the zenith distance of the Sun. When the
satellite was at different latitudes, the zenith distances of the Sun
also varied. Therefore, this correlation involves not only an increase
in the length of the solar ray's path through the absorptive ozone
layer, but also the latitude dependence of the characteristics of this

layer.

There also is a correlation between ultraviolet spectrophotometer
readings and those of an infrared spectrophotometer in the 9.65 W ozone
band. An infrared spectrophotometer was part of the equipment aboard
"Kosmos—hB", and recorded thermal spectra of the atmosphere during the
whole operating period of the ultraviolet spectrophotometer and the
colorimeter (Ref. 4). The results obtained by the ultraviolet and infra-
red spectrophotometers may serve for mutual checks in evaluations of the
ozone-layer characteristics.

A correlation between intensities near the longwave boundary of the
ultraviolet spectrum at A > 3000 and luminosity-sensor readings was
detected. These readings depend greatly on cloudiness, since cloud albedo
in the red region is substantially greater than that of the Earth's sur-
face or of pure atmosphere. Therefore, the luminosity sensor does not
give a bad estimate of cloudiness in the region measured. This correla-
tion indicates that an apprecigble part of atmospheric radiation is due
to tropospheric scattering processes and reflection below the main ozone-
layer mass when A > 3000 K.

A significanl part of the data derived by the colorimeter is dis-
torted by lunar illumination. The Moon's effect is particularly notice-
able in wide-band light filters; the readings with the 5577 light
filter, on the contrary, do not essentially change their character when
lunar illumination is not too strong. Figure 6 and 7 give instrument
readings in revolutions covering regions of the Barth's surface and of /82
the troposphere unilluminated by the moon (lunar zenith distance greater
than 92.5°). In these regions the strength of the Moon's light was on
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Figure 5

Typical Atmospheric Spectrum Recorded by
Ultraviolet Spectrophotometer

Readings to the right and left of 2850 &
refer to different scales of instrument
sensitivity (sensitivity ratio 1:3). Below
is given the solar spectrum obtained by
Rense in 1957 (Ref. 1).

the order of 5% of the night airglow in the visible part of the spectrum.
In the moonless regions, the geomagnetic latitude is entered along the
abscissa axis. The abscissa axis additionally indicates the local time at
the point of measurement. Instrument readings during a completely moon-
1it revolution are given for purposes of comparison.

Artificial sources of light could exert no significant effect,
since the moonless regions were in the Southwest Pacific Ocean and over the
Indian Ocean. The results discussed below were obtalned when processing
the part of the material which was not influenced by the Moon.

In Figures 6 and 7 the reading 100 corresponds to a terrestrial
atmospheric brightness of

9.2:107 quantum-cm™Z.sec”l-sterad ! for filter 5577 3,
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107 quantum-cm ~-sec '-sterad”® for filter 391k &,
1 " 1 1" " 1 UFs—l’ and_
. 108 i " n 14 n 34 Zh_S—l .

Photomultiplier sensitivity in the visible region is highly dependent on
quanta energy; therefore, the absolute value for filter ZhS-1 depends on

the spectral distribution of radiation energy. The value of 6.5-108quantum'
em 2-sec lesterad”! for filter ZhS-1 was derived by computation for a uniform

spectrum of radiation energy.

The correlation between readings taken with different light filters is
very apparent. Cases of correlation disturbance are comparatively rare,
and may therefore also be interesting (we can see, for example, a correlation
disturbance n the first revolution at 350 south geomagnetic latitude as a
certain decrease in the readings of all light filters accompanied by an
increase in readings with filter UFS-1).

It would be interesting to draw a conclusion as to local, daily, and Z@j
latitudinal fluctuations in night airglow. The daily and latitudinal fluc-
tuations are mutually related in observations from the satellite; only the
difference in geographic and geomagnetic latitudes makes it possible to
distinguish them. The chief difficulty in fluctuation analysis, however,
1s the dependence of the readings on cloudiness. Observations from the

round measure night alrglow plus luminescence of astronomical origin
%stellar and zodiacal light);'both types of luminescence are somewhat
reduced because of dispersion and reflection by the atmosphere. The state
of the atmosphere has little effect on the result, for measurements are
ordinarily made on clear nights.

Observations from space measure night airglow plus night airglow and
luminescence of atmospheric origin reflected from the atmosphere. Conse-
quently, depending on the state of the atmosphere, the result may vary by
a factor of almost two, being at a minimum in cloudless weather and at a

maximum during a complete overcast.

Albedo of the cloudless terregstrial atmosphere should be greatest in
the near ultraviolet in the 3300 A region, because ozone absorption here
is relatively small and Rayleigh scattering is large. Therefore, varia-
tions in cloudiness should provoke the smallest changes in readings in
the near ultraviolet. This is exactly what is observed - the UFS-1
readings are the least subJect to fluctuation.

The attempt to utilize weather data to reconstruct the cloudiness
picture gives limited results, because there are few weather stations in
the Pacific and Indian Oceans. Great possibilities 1ie in the dependence
of infrared spectrophotometer readings on cloudiness: c¢loud temp-
erature is lower than that of the Earth's surface. Therefore, infrared
spectrophotometer readings are lower over clouds. ‘The correlation is
particularly clear in the atmospheric transmittance window at 8-12 u.
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The climatological charts in (Ref. 5) may be used to determine
average cloudiness in September for different regions.

Although the actual cloudiness at a specific point at the moment
of measurement may differ significantly from the average, the average
values over sufficiently large territories should be of adequate accuracy.
Such averaging for mean cloudiness in September gives a result of approx-
imately O.5.

If we adopt an average cloud albedo of 0.75 regardless of wavelength,
the average atmospheric albedo is 0.5 for the near ultraviolet and 0.4 for
radiation in the visible region. The average intensity values given below
were derived by dividing the result of averaging the curves in Figures 6
and 7 by unity, plus average atmospheric albedo. The maximum and minimum
values were obtained by dividing the maximum and minimum readings by unity
plus cloud albedo or clear atmosphere albedo, respectively. In this con-
version the average intensity of the 5577 R 1line measured by the instru-
ment is 250 Rayleigh; maximum Intens.ty, 430 Rayleigh; and minimum, 125
Rayleigh. These figures are in good agreement with the results of terres-
trial observations. The 5577 E emission line of the nocturnal sky is
strongest in the visible regicn. Therefore, the contribution made by
light from extraterrestrial s.urces to intensity measurements of this
emission is small. Correlation of the readings from all the other light
filters with those of the 5577 . filt.r indicates that the portion of
illumination from stars and zodiacal light is comparatively small in the
instrument readings for the remaining light filters. In this respect,
satellite measurements have advantages over ground measurements. Let us
assume that the contribution made by light of astronomical origin to noc-
turnal light is 50% in ground observations; then in measurements from
space this contribution will be 30% during complete overcast, about 20%
in average cloudiness, and around 5% in cloudless weather.

The ratio of colorjmeter readings with light filter 3914 R to /88
those with filter 5577 A was very stable; its maximum deviation was ho
more than 20% of its average value. The interpretation of these readings
is not unique; they may be attributed both to 391k R emission (in which
case its average intensity is 45 Rayleigh) and to the pseudo-continuum
(when its average intensity is 0.2 Raylelgh/A)

Average radiation intensity in the L000- 6000 R range (w1thout deducting
the 5577 R line) was 1200 Rayleigh, with a lowest value of 750 Rayleigh and
a highest value of 1800 Rayleigh. Thus, the readings with filters 3914 R
and ZhS-4 are less than might be expected from tetrrestrial measurements
(Ref. 6-9). The difference may be principally due tr~ the large portion of
luminescence of astronomical origin in observations from the Earth and, in
part, to measuremental errors.

Average intensity with light filter UFS-1 was 40O Rayleigh - minimum,

200 Rayleigh; maximum, 500 Rayleigh. The correlation between readings with
this light filter and those with the other filters is looser, and there are
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cases of correlation breakdown. Intensities corrected for atmospheric
reflection would obviously be correlated even more loosely.

From the congruence of the average UFS-1 filter reading with the
results of ground observations in the 3200-4000 2 range (Ref. 10-12),
the inference may be drawn that radiation of the nocturnal sky in the
2500-3200 2 is small and does not exceed stellar luminescence and zodia-
cal light in the 3200-4000 & region.

Atmospheric radiation in the 1700-2500 | region may be derived from
the difference bhetween readings from the quartz window and filters ZhS-4
and UFS-1. This difference is very small. To increase its accuracy, an
average was taken of the readings from 50 points where the readings were
smallest and did not leave the region of essential instrumental nonlin-
earity. The accuracy of the readings at these points was comparatively
high. 1In addition, the average difference for all other points in moon-
less regions was calculated. The result proved to be identical - in the
1700-2500 2 region there is no radiation from the nocturnal sky. The
average difference was 5-10 Rayleigh. To be sure, since the transmission
curves of filters UFS-1 and ZhS-4 are not rectangular, a systematic error
could have occurred during subtraction. Nevertheless, it is very improb-
able that radigtion intensity of the nocturnal sky exceeds 30 Rayleigh in
the 1700-2500 i region. Thus, the results of measurements in the 1700-
2500 and 2500-4000 i region corroborate the absence of high-energy excita-
tion processes in the nocturnal sky.

The guthors deem it their pleasant duty to express their sincere
gratitude to A. K. Men'kov and Ye. N. Gerasimov for developing the opti-

cal mechanical units of the instruments, as well as to F. M. Gerasimov
and I. V. Peysakhson for assistance in solving the basic problems of the

optical system.
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EIGEN RADIATION OF THE ATMOSPHERE

(sumary)
T. M. Tarasova

The luminescence regions of several atmospheric components - Z@g
hydroxyl, atomic and molecular oxygen, and other emissions (Ref. 1-L) -
were determined by vertical rocket soundings. Data recorded during the
rotation of the rocket photometer made it possible to study the lumines-
cence distribution at levels gbove the celling of the photometer ascent.
Thus, an analysis of material at the 6300 line for altitudes less than
200 km assisted the author in reaching a preliminary conclusion regarding
the luminescence distribution of the red oxygen line up to altitudes of
1000 km (Ref. 5): Atomic oxygen luminescence was distributed over a
large atmospheric thickness from 100-1000 km. This article investigates
the behavior of sodium emission from material obtained in 1960 by means
of a rocket photometer. The altitudinal range was 65-200 km, where the
photometer completed a total 360° revolution (in the vertical plane) in
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addition to its ascent.

to a similar spatl
hydroxyl:

According to data in (Ref. 25 3), sodium luminescence is localized

in a layer at an altitude of 85 km. The luminescence distribution of
hydroxyl, molecular and atomic oxygen (5577 2)has a stratified structure.
It can be seen from the figure that there is a spatial correlation between
the OH, O and O, emissions: For the 5577 and 8645 emissions, the ratio
is almost constant when the radiation intensity of each of the emis-
sions changes by a factor of 1h4-25.

The ratios 15517/IOH and I86h5/IOH are also constant, which points

a2l luminescence distribution of 5577, 8645 R and
The radiation of all three emissions is concentrated in the

Torm of layers at altitudes of 70-110 km.

the 5577, 8645

According to (Ref. 2, 3), sodium radiation must also display a good /90
spatial correlation with these emissions.

However, the ratios I5893/IOH, 15893/186h5 (sce the figure) and
15893/15577 do not remain constant when the equipment axis changes in
space, and have a clearly expressed altitudinal dependence. This indi-
cates that sodium luminescence is distributed in the upper atmosphere
according to a law which differs essentially from the stratified struc-
ture of the 5577, 8645 2 ana hydroxyl emissions.

There is ng spatial correlation between the radiation of 6300 X and

and OH emissions, which agrees with the data obtained

previously (Ref. 5).

fluxes measured with filters with Ay

A comparison of sodium and atomic oxygen radiations at 6300 i reveals
an unexpected close spatial correlation: The ragtio of the total light

= 5893 & and Ay, = 6300 &, just

like the intensity ratio of the T 892?16300 emissions, remains constant
both in the ascending branch of the rocket trajectory (see the figure) and
in the descending branch. It can thus be concluded that the laws govern-
ing the altitudinal luminescence distribution for sodium and atomic oxygen

(6300

The discovery

) are the same.

of a significant portion of sodium luminescence (AJ3O%)

at high altitudes makes it imperative that the existing concepts regarding
the agent exciting sodium atoms be reexamined.

l‘
2.
3.

Tarasova, T. M.
Heppner, J. P.,

Kumen, M. D.,
1T, 1960.

Tarasova, T. M.

Tarasova, T. M.
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STUDY OF THE ANGULAR RADIATION DISTRIBUTION OF THE EARTH
AND THE EARTH'S ATMOSPHERE FROM GEOPHYSICAIL: ROCKETS AND BAT.ILOONS

M. N. Markov, Ya. I. Merson, M. R. Shamilev

Computations of the field of infrared radiation leaving the Earth
coincide only approximately with reality, and therefore it is very impor-
tant to obtaln experimental data.

Beginning in 1958, we performed systematic studies of the infrared
radiation of the planet. TFor this purpose, rocket and balloon equipment
was constructed, and the angular radiation distribution of the Earth was
measured in the 0.8-40 micron spectral region in rockets from altitudes
of 100-500 km, and simultaneously from geophysical balloons from altitudes

of up to 30 km.

During the experiments, the scanning apparatus was oriented in space
along three axes with respect to the Earth, which was necessary in order
to obtain the angular distribution.

Following are the main parameters of the apparatus: Scanning angle
2 1; angular resolving power 2.10 ®rad; sensitivity threshold 10 8.10 %w.

The readings were recorded by independent systems and telemetry.

Computational Data Experiment, w/m2
Cloudiness w/mz
Conditions | Simpson | Kondrat'yev | 1958 | 1958 | 1962 | 1963
and
Filippovich

No clouds 220 - 90 -- -- -
Average 255 -

Cloudiness 210 190 -- 70 250 296

The rockets and balloons were launched during different times of the
year, different times of the day, and under different geographical condi-
tions within the Soviet Union. Therewere about 50 equipment launchings
in all. Figure 1 shows the manner in which the experiment was performed.
The results obtgined up to the present time enable us to compile the
properties of the radiating Farth-atmosphere system.
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Figure 1

Schematic Drawing of Fxperiment

1. Existing methods of computing the mean magnitude of radiation
leaving the Earth (radiation at the zenith) enable us to determine this
magnitude with sufficient accuracy. The table presents the results
derived from calculating the outgoing radiation at the zenith as well
as the magnitudes of this radiation obtained experimentally.

It can be seen from the table that the difference between the com-~
puted and measured values of outgoing radiation corresponds to the
difference between the weather conditions during the experiment and
the weather conditionsassumed for the computations.

2. The contribution made by atmospheric radiation to the ocutgoing
thermal flux 1s considerably greater than would be assumed on the basis
of existing concepts (particularly for large thicknesses corresponding
to a large zenith angle). This e ads to the fact that the effective
altitude of the emissive atmosphere is 150 km.

The altitudinal radiation distribution of the atmosphere is strafi-
fied in nature (clearly expressed at least at altitudes greater than 150 km).
In particular, a radiation intensity increase primarily in the 2.5-8 micron
spectral region is observed at altitudes of about 280, 430 and 500 km.

3. Small-scale nonuniformities are not present on the curve for the
angular radiation distribution of the Earth. The nonuniformities Zgg
recorded in one experiment are small, and are on a scale of about 100-

200 km. There 1s a correlation between the change in radiation intensity
and the change in the weather conditions in the corresponding regions of
the Earth's atmosphere.
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Figure 2

Angular Distribution of Infrared Radiation
. From an Altitude of 500 km

Figure 2 presents a typical curve for the angular radiation distri-
bution of the Earth recorded_grom an altitude of ~ 500 km for an equip-
ment resolving power of 2.10 "rad, which was 1lndicated above.
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Figure 3

Angular Radiation Distribution of the Earth
From an Altitude of 30 km

Figure 3, compiled from data obtained with a balloon, shows that
the characteristic angular dimension of a nonuniformity is 0.5 rad,
which corresponds to 200 km on the Earth's surface. Figure 4 gives
a section of the Earth's surface with an indication of the weather con-
ditions during the experiment, for which this angular distribution was
obtained. The same numbers in Figures 3 and 4 designate the corres-
ponding points of the angular radiation distribution curve on the
surface of the Earth. A comparison of these two figures reveals g
connection between the weather conditions and radiation intensity. In
the cloudiness zone (region between points 76 and 77), the intensity
is lower than in the non-cloudy region (point 79).

4. The daily variations in the angular radiation distribution
curve of the Earth are also insignificant.

The measurement of radiation intensity at a different time of day
only slightly increases those intensity changes which are recorded
during one experiment, and is due to a change in the weather conditiocns
in different regions of the Earth's surface.

Significant changes in the climato-geographic conditions lead
to a more significant change in the recorded radiation intensity, Jjust
like the seasonal intensity variations.
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Figure L

Weather Conditions During the Experiment

Dashed line - boundary of the multi-layered cloudiness
zone, class 10-12; Solid line with shading - boundary
of fine-layered cloudiness greater than class 1.

Figure 5

Seasonal Variations in Angular Radiation
Distribution of the Earth

1 - Summer (daytime); 2 - Winter (daytime)

Figure 5 presents angular distribution curves obtained from alti-
tudes of ~ 30 km during a different time of the year.

The dependence of radiation intensity on a significant change in
the climato~geographical conditions is illustrated in Figure 6. The
different sections of these curves, recorded from altitudes of 300-500 km,
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Dependence of Radiation Intensity on Geographic
Position of Region Being Studied

015 o' - Mean square deviation of the level.

pertain to a north-west direction (l) in one section, and to a south-
east direction (2) in another section.

ANGULAR AND SPECTRAL RADIATION DISTRIBUTION
OF THE EARTH IN THE INFRARED SPECTRAL REGION

P. A. Bazhulin, A. V. Kartashev,
M. N. Markov

1. The problem of the spectral distribution of radistion leaving ZQ&
the Earth has been repeatedly discussed in the literature. Its impor-
tance lies not only in the fact that the infrared radiation spectrum of
the Earth is necessary in order to compute the energy balance of the planet,
but also in the fact that this spectrum can be used directly to solve sever-
al applied problems: Determination of the molecular atmospheric compo-
sition at different altitudes, determination of temperature with respect
to atmospheric altitude, etc. The computational methods for obtaining
the infrared radiation spectrum of the Earth are primarily based on
specific models of the emissive atmosphere. These models are only sultable
for comparatively small optical thicknesses of the atmosphere, since only
in this case can the absorption functions determined by laboratory methods
be employed. In particular, we may point out computations carried out in
(Ref. 1) for a model assuming an approximately 30-kilometer layer of the
emissive atmosphere.

The infrared radiation spectrum of the Earth was first obtained from
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the oriented satellite of the United States Air Force on September 21, 1962,
with a resolution of 0.4-0.5 microns in the 1.8-1.5 micron region at

the nadir (Ref. 2). The simultaneous determination of spectral and angu-
lar distribution is of greater interest, however. When the angular dis-
tribution is recorded, the contribution of the upper atmosphere can be
guite significant when the sighting angles of the system deviate from the
nadir, which contributes to the appearance of upper atmospheric charac-
teristics in the infrared radiation spectrum of the Earth.

Consequently, such an experiment makes it possible, on the one hand,
to obtain the characteristics of the radiating Earth which cannot gener-
ally be computed, and, on the other hand, to obtain more information on
the properties of the upper atmosphere.

2. We made a simultaneous experimental determination of the angular
and spectral distributions in the 4-38 micron spectral region in the
+ ﬂ/2 angular region from the nadir during the launchings of oriented
geophysical rockets of the USSR Academy of Sciences, at mean latitudes
in the Soviet Union at an altitude of up to 500 km on October 18, 1962,
and June 6 and 18, 1963. The manner in which the experiment was con-
ducted 1s shown in Figure 1. An apparatus, containing a device for
sighting in differcnt directions in the plane passing through the rocket
axis perpendicularly to the Earth's surface, scanned the narrow-angle
optical system within the total angle during the ascent and descent of
the rocket.

It is interesting to estimate the requisite sensitivity of the
apparatus designed to record the angular and spectral distributions
simultaneously. The time required to record the total scanning angle
is connected with the rocket velocities in space, and also with the
number of angular and spectral elements resolved as well as with the
inertia of the radiation receiver. If a bolometer with a constant time
of 5 msec is used as the radiation receiver, the time required to record
one resolved element is about tel - 10 msecc; consequently, the system
pass band must be ~ 100 cps. For an angular resolving power of 2.10 “rad
and a mean observational altitude of 300 km, the minimum resolving llnear
dimension on the surface of the Earth will be 0.6 km (the minimum size of
meteorological nonuniformities on this order is of interest) The mean
spectral density of radiation resching the recelver, with a_ lens diameter
of ~ 4O mm and an emitter temperature of 250° K, ,is about 10 ®wemicron *.
For a resolving power of 1 micron, this produces a signal equalling the
mean square value of noise at the receiver having a threshold sensitivity
of 10 ®w-cps “l. Such a signal will only exceed the peak noise value by Z_i
a Tactor of 2-3, for a receiver having a threshold of even 10 10y cps .

In order to record radlatlon from the lower hemisphere with an angular
resolving power of 2- 10” rad, the time requlred to record 1800 angular reso-
lution elements is 18 seconds (tel= 10-2 sec). If ten spectral sections are
recorded in each angular element, the total recording time is 180 seconds,
or three scanning cycles can be performed during the flight time of the
rocket (about 600 seconds). These rough estimates do not include loss
during radiation monochromatization, and this decreases the effective
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Figure 1

Schematic Drawing of Experiment

signal by a factor of 2-3.

In this article, the flux increase was achieved by two methods: by
increasing the angular dimensions of the field of vision in a direction
perpendicular to the scanning plane (by using a slit-like diaphragm with
a side ratio of 1:10,1:30), by extending the spectral sections to be
recorded up to several microns, and by employing the high-transmission
methods of spectral resolution by means of modulating filters. Naturally,
the first operation makes the spatial resolution poorer along one coordi-
nate; however, a_comparatively high, over-all spatial resolving power is
retained (o ~110_4rad3. A reasonable selection of spectral sections
makes it possible to compensate for the deterioration in the spectral
resolution to a certain extent.

Figure 2 shows the infrared spectrum of atmospheric transmission ZQQ
when sighting is performed from the Earth's surface at the zenith; the
absorption spectra of approximately equivalent thicknesses of the main
absorbing atmospheric gases Hp0, CO; and O3 are given also. As can be
seen, the structure of the infrared atmospheric spectrum (A >4 micron)
can be primarily characterized by comparatively wide regions of relative
transmittance and absorption: L-5 microns - CO, absorption; 5-8 microns
- absorption of H,0 vapors; 8-13 microns - the transparent section (9.5—

10 microns - Oz absorption band) ; and, finally, for » >13p strong absorption
of COy and H,0 vapors. Thus, almost all of the characteristic sections
of the infrared spectrum are severgl microns wide.

3. It is most advantageous to perform spectral measurements under
similar conditions by means of a filter system. The only infrared filter
which has high transmission (up to 90%) and a passband which varies within
wide limits is the modulation filter with transmission in the absorption
band region of the material used as the radiation modulator. In order to
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Infrared Spectrum of Atmospheric Absorption
and Transmission of Spectrometer Channels

obtain the spectral distribution in this case, a method of modulation
spectrometry was developed, which utilizes materials having a different
location of the absorption band edge as the modulators. In particular,
certain alkali-halold crystalline platcs were cmployed.

The method is as follows. One absorbing crystal (the customary
type) 1s replaced by n crystals in the radiation modulator (where n is
the number of spectral intervals which can be distinguished directly).
The selective amplifier is replaced by a wide-band amplifier with a pass-
band which is adequate for transmitting impulses from each modulating
crystal. The entire spectral region to be studied can be divided into
n intervals, which are recorded consecutively in time by means of one
optical and receiving-amplifying system. If the intervals which are
distinguished arc fairly wide (as in our case), the abrcocrbing modulating
crystals are made of different materials. When the intervals do not
differ greatly, one material having a different thickness may be employed
(for example, when the thickness of a plate made of lithium fluoride is
changed from 0.1 to 10 mm, the absorption band edge changes from 11 to 6
microns [Ref. 3]).

It is intercsting to note that in the limiting case this method
changes into a spectral analysis method for absorption change, which was
recently employed in the X-ray spectral region (Ref. U4) (the only differ-
ence being that in our method the sharp band edge and discrete readings
are employed). The advantage of this method, as compared with the
customary dispersion method (prism, lattice) lies in the high transmission,
which is characteristic of systems with axial symmetry, and also in the
rather large flux of radiation influencing the radiation receiver of the
measurement device. When the recording is processed under laboratory con-
ditions, individual spectral intervals are obtained as different quantities

of two consecutive (or any, in general) signals from the modulating crystals.

This is more suitable with respect to the signal/noise ratio when informa-
tion is transmitted by telcmetry, although it does impose great restrictions
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Figure 3

Block Diagram of Impulse, Infrared Rocket Spectrometer
for Recording Angular Radiation Distribution

1l - scanning mirror; 2 - bolometer; 3 - modulator;
4 - sealing window; 5 - slit diaphragm; 6 - inner tube;
7 - spherical mirror 1l; 8 - spherical mirror 2.

on the linearity of the transmittal and reproduction system. It is inter-
esting to note that the number of spectral intervals which can be distin-
guished increases rapidly when the number of modulating crystals increases.
Thus, for example, two crystals make it possible to distinguish three
spectral intervals, 3-6, L4-10, 5-15, when two impulses are transmitted,

and n crystals make it possible to distinguish n(n+l)/2 spectral intervals.
The rate at which modulating crystals are exchanged is connected with the
rate at which the flux changes at the system input. In particular, in

our case this change occurred approximately during the -time when the
gighting direction changed by the minimum resolving angle (2-1073rad).

L. TFigure 3 shows a block diagram of the impulse infrared spectro- /98
meter for recording the angular distribution in different infrared spectra
intervals. The flat scanning mirror rotates by an angle of T /2,
scanning the total angle m. A spherical Cassegrain lens (effective diameter
33 mm, focusing distance 200 mm) concentrates the radiation onto a low-
inertia bolometer. The bolometer has a sensitive area of 0.3 x 9 mm?,
resistance of 1000 ohms, and a conversion factor of up to 40 vew-l for a
constant time of 5-7 msec. Thus, the bolometer has the detecting capacity
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Figure &4

Transmission of Spectrometer Channels

D¥ at a modulation frequency of 30-40 cps 1.5-10°. The radiation bundle
is intersccted by the plates of the rotating modulator. Four plates are
employed: A quartz plate which is 1 mm thick, a lithium fluoride plate
and a fluorite plate 0.7 mm thick, and also a metallic plate which is
generally opaque. The plates are distributed asymmetrically, in order to
encode the signal position from the individual crystals on the time scale.
The signals from the bolometer are amplified by the wide-band impulse
amplifier (passband 0.5-200 cps, amplification factor greater than 105),
and arc transmitted to the Earth by telemetry. The modulator performs
about 7 revolutions per second, and the scanning mirror requires about
100 seconds to examine the angle .

Figure 4 gives the transmission of individual channels in accordance
with the transmittance of the plates employed. The transmission of dif-
ferent spectral intervals is shown here. The manner in which these inter-
vals are connected with the atmospheric absorption spectrum can be seen
from Figure 2. It should be noted that the long-wave transmission bound-
ary of the main channels is determined by the transmittance of the bolometer
window (the plate made of potassium bromide, 1 mm thick). Figure 5 presents
the real characteristics of the spectrometer angular resolving power in the
sighting direction. As can be seen, its half-width is 3-10_3rad, which is
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Figure 5

Characteristics of Spectrometer Angular Resolving
Power in the Scanning Plane

somewhat inferior due to the aberration of the geometric resolving power.
Figure 6 shows the general form of the spectrometer.

All points on the equipment where there are rapidly moving elements
are pressurized (constant current motor, reducer); the shaft for driving
the slowly moving scannimg mirror is brought out through a rubber gasket.
The window for the radiation bundle entrance is made of a KRS-5 crystal.
The spectrometer was calibrated with respect to the emitter with tempera-
tures from 350-77°K. Thus, the sensitivity threshold under laboratory
conditions for the 4.5—38 micron channel (effective lens diameter
Degp * 33 mm, a = 107% rad®) was 2.10 *weem 2 for the object of radiation,
while it increased up to 1.5-10_3w~cm'2 during flights, due to a different
type of additional interference (telemetry, etc.). This comprises effec-
tive temperatures of 0.36 and 2.7OK, respectively.

In contrast to several devices employed previously for recording
infrared radigtion of the Earth from geophysical rockets of the USSR
Academy of Sciences (Ref. 5), in our case the differential method of
recording was not employed, when the Earth-space level was continuously
recorded. The quantity to be measured here was the difference between
the fluxes of the Earth - modulator radiation. However, the modulator 122
temperature, and therefore the radiation flux, are undetermined, control
cannot be affectuated with sufficie nt accuracy, and the flux can vary
by a factor of approximately 3 for the possible temperature variations of
the equipment within 233—313°K. It is true that allowance can best be
made for the latter fact by expanding the linear scale region. The error,
caused by indefinite modulator temperature, can be eliminated, and also
allowance can be made for parasite window radiation, etc. in the scanning
equipment by supplying a reference flux to the output one or more times
during the scanning cycle. In particular, in this case radiation from
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Figure 6

General View of the Spectrometer

space which is recorded in a direction close to the horizontal (in flights
where ionosphere radiation was observed, the reference flux was recorded

at an angle of ﬂ/h to the zenith) represents such a flux. When the re-
sults are processed, it is assumed that this radiaticn equals zero. Radia-
tion from space reaches the input of an impulse spectrometer twice during
one scanning cycle.

Consequently, the reference signal impulses are separated by a time
interval of about 1 minute, which is sufficient to keep the zero level
practically constant, due to the thermal inertia of the eqguipment (particu-
larly the modulator).

However, a signal change at the spectrometer output is not only possi-
ble due to modulator temperature variations, but also due to fluctuations
in the sensitivity of the receiver-amplifier system. In order to calibrate
this system, a signal from a reference incandescent lamp periodically
reaches its input. The level of this signal exceeds the modulator radia-
tion level by one order of magnitude, and therefore it has practically
no influence upon the resulting flux magnitude. The signal is supplied
from the reference lamp at the moment when the scanning mirror is in a
horizontal position (blind spot), and the amplifier sensitivity is de-
creased by a factor of 10 by the calibrated attenuator, in order that the
reference signal amplitude at the output corresponds to the operational /100
signal scale.

5. The experiments were conducted under the following conditions.
The position of the scanning plane with respect to the points of the
compass was: In the experiment on October 18, 1962 - the E-N-E-W-S-W
direction; on June 6, 1963 - in the E-W direction; on June 18, 1963 -
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Figure 7
Angular Distribution of Infrared Terrestrial Radi-
ation in Three Sections of the Spectrum;
12.5-38 microns (k. 1), 8.5-38 microns (k. 2), and 4.5-38
microns (k. 3).

in the N-S direction. In the 1962 experiment, which was conducted close
to the middle of the day, the conditions under which the Earth's surface
was 1lluminated by the Sun did not differ significantly over all of the
scanning direction. In the experiment on June 6, 1963, which was carried
out at dawn, the eastern portion of the route was illuminated by the Sun
(zenith angle of ﬂ/3), while the atmospheric layer at an altitude of
about 100 km to the west was in the shade.

It must be noted that the experiment on October 18, 1962, employed
a modulator with three crystals (the 0.6-38 micron spectral interval was
missing), in the experiment on June 6, 1963, a fourth filter separated
the 2.5-38 micron spectral inaﬂval_(glass plate), and in the experiment
on June 18, 1963, the scanning route passed along regions in which the
Sun was located very close to the horizon. Thus, there was practically
no information on reflected solar radiation in all the experiments
performed.

6. New scanning cycles from different altitudes and for different
weather conditions were obtained in three flights. Figure 7 shows two
such cycles pertaining to the flight on June 6, 1963. The angular dis-
tribution curves for three channels are given here - No. 3, 2 and 1
(4.5-38, 8.5-38 and 12.5-38 microns). The curves pertain to & flight
time toward the trajectory apex, so that the altitude did not change sig-
nificantly during the scanning process. The mean altitude from which the
upper curve was obtained was about L4LOO km; the ilower altitude - about
500 km. The energy threshold of the flux was 3-L%. Thus, the error of
the different 3-2 (4.5-8.5 micron) and 2-1 (8.5-12.5 micron ) channels
was about 40%. We must note that the curves obtained in the angle 10 ®rad
were averaged in order to increase the accuracy.
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Figure 8

Dependence of Emitter Temperature on Flux Magnitude
For Four Spectrometer Channels: For the Two Main
Channels (1 and 3) and Two Different Channels; L4.5-

8.5 Microns (3-2), 8.5-12.5 Microns (2-1).

The experimental angular distribution curves are represented on the
scale of the fluxes (W°m'2). However, they were processed for the analy-
sis, in order to determine the effective temperatures and the spectral
radiation density. In this case, averaging was performed with respect to
the angle 0.1 rad, and therefore the measurement errors in the different
channels decreased to 10-15%. The effective temperatures were determined
as a Tunction of the flux in the corresponding spectral interval, obtained
by graphic integration of the product of the filter transmission curve /101
and the Planck curve (Figure 8). The spectral radiation intensity density
was determined for certain sighting directions as the ratio of the intensi-
ty in a given spectral interval to its width. Figure 3 shows the radiation
intensity distribution with respect to three spectral intervals for two
sighting directions - 0.5 and 1.2 rad from the nadir to the east and the
west (the flight on June 6, 1963) and the north (the flight on June 18,

1963) -

Table 1 lists the fluxes and effective temperatures for a sighting
direction of about 0.6 rad from the nadir.

TABLE 1
Fast West. North Average
Channel 2, : Ql—“ Q,ﬁ Q;

: wem ®| T,°K |wem °| T,°K |w-m™@| T,°K {w-m 2| T,°K
3(L.5-38 microns) o270 | 261 | 232 | o252 | 276 | 264 | o5 | 258
1(12.5-38 microns) 190 272 | 170 262 | 190 272 | 178 266
2-1(8.5-12.5 microns) 32 243 2L 230 36 250 31 241
3-2(4.5-8.5 microns) 48 280 38 270 50 282 |hk.5 276




6/6/63 6/6/63 6/6/63 6/18/63
east, 450 km.rwest, 510 km west, 310 km _ north, 200 km

- 2 - -
el el i —
;'/ﬂ-"_ - L T

~ — 0

J -
. 458512520 J0 J8 458512520 30 F8 486512520 30 36 45451520 30 S8
A, microns

Figure 9

Spectral Distribution of Infrared Terrestrial Radiation
Based on Flights on June 6 and 18, 1963, for Two Sight-
Directions: 0.6 and 1.2 rad From the Nadir.

T+ The results obtalned can be examined from several points of /102
view. .

(a) Primarily with respect To the general form of the angular dis-
tribution curves. In wide intervals of the infrared spectrum the general
form of the angular distribution curves corresponds to radiation from a
comparatively isotropic object. Deviations from isotropy at the planet's
edge during observations from an altitude of 400-500 km are less than
during observations from an altitude of 25-30 km (Ref. 6). The structure
of the radiation field is such that the contribution made by small-scale
fluctuations (~ 2:1072rad) is small. In single measurements, practically
no differences in thermal radiation intensity were detected under daytime
and night time conditions (see, for example, Figure & - west and east). In
the narrower spectral intervals corresponding to atmospheric condltions
(M.5—8.5-Hé0 vapors; 8.5-12.5-"transmittance window"), the intensity fluc-
tuations are much greater (up to 50%). We must point out the slight
dependence of the general form for the angular distribution curves on the
observational altitude between 200-500 km altitude.

(b) An examination of the spectral distribution, and also the
effective temperatures determined according to the fluxes in different
spectral intervals, shows that in the majority of cases the radiation maxi-
mum is located in the L4.5-8.5 micron spectral region, and the effective
temperatures for this spectral region are higher than for other regions
(including those for the transmittancy window), reaching 270-280°K., It
should be noted that during all of the experiments performed in the exten-
sive territory encompassed by the scanning route the cloudiness varied from
class 1-2 to class 7-8, with a lower boundary altitude of 1-7 km. Thus,
(with allowance for the sighting angle) the comparatively low effective
temperature in the transmittance window (ZMOOK) can be readily explained.
Thus, for example, the mean meteorological conditions, characterized by
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data given in Table 1, can be described by the following parameters, whose
altitudinal distributions are given in Table 2 (pressure p, temperature T,
and humidity q).

It is interesting to compare the effectlive temperatures (average),
determined by the intensities in individual spectral intervals, with the
atmospheric temperatures at different altitudes. It can be seen from
Tables 1 and 2 that for integral radiation the altitude at which the
effective temperature is close to the actual temperature is about 6 km
(p = 500 mbar); for radiation in the "transmittance window" of 8.5-12.5
microns, it is 7-8 km (p = 400 mbar); and in the L4.5-8.5 micron range,
it is 2 kxm (p = 800 nbar).

TABLE 2
June 6, 1963, 3 hours, World Time  June 18, 1963, 3 Hours,
el o .. ._... ¥orld Time
East, Cirrus Clouds, West, Altocumilus North, Stratified Cumuli-
class 5 (Lower Bound- Clouds, class 2-3 form Clouds, class 7-8
ary, 5-T7 thousand m) (Iower Boundary, (Iower Boundary, 1 thousand
2.5 thousand m) )
> T, > b, T, a5 b, T, 95 _
Hy m mbar °K gekg ! H, m mbar °K g-kg™? Hy m mbar °K g-kg *
0| 1013 | 291 | 3.0 0 1018 |287 |8.0 0 | 1090 |284 |8.0

1500 850 | 287 | 2.7 1480 | 850 285 |9.0 | 1440 | 850 284 |T7.0
3000 TOO | 273 3.0 3100 | 700 |273 | 3.5 3020 | 700 (273 4.0
5700 500 | 260 | 0.5 5700 00 {255 |1.7 | 5670 | 500 |255 |1.0

3300 300 | 244 | 0.04 | 9300 | 300 {227 | -~ | 9210 | 300 [228 |0.15
11900 200 | 231 | 0.07 |11800 | 200 213 | -- 111890 | 200 |224 |0.1
16400 100 | 207 -~ |16L00 | 100 |222 | -- |16L4LO | 100 |227 |0.2
21000 50 | 216 20970 | 50 |224 | --
24300 30 | 218 24360 30 (227 | --

27160 20 |23L | --
31930 10 [235 | --

Thus, if the emissive layer altitude cai be explained by the upper /103
boundary of the cloudiness for the transmittance window, then the radia-

tion level in the section of strong absorption by water, N0 and NO

vapors - 4.5-8.5 microns - cannot be located at an altitude of 2 km. This

is due to the fact that, according to existing information, above this

level the vapor concentration is still large, and effective absorption
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occurs at rather high altitudes (up to 10 km) where the atmospheric temper-
ature is low. However, at high altitudes (40-60 km), the temperature agsin
decreases, and consequently the pcssibility cannot be excluded that radia-
tion from these altitudes is responsible for the observed high effective
temperatures in the 4.5-8.5 micron region. In this connection, we cannot
overlook the results obtained in (Ref. 2), where a high radiation intensity
was observed in several cases in the 6-8 micron region; in every case, this
intensity was higher than that stipulated by the assumption of an atmospher-
ic emissive layer concentrated in the 30-40 km layer near the Earth. We
must note that the experiment, in which the angular radiation distribution
of the Farth was recorded, provide a definite information regarding the
transitional space-Farth region. In particular, it made it possible to directly
obtain the altitude of the Earth's emissive atmosphere in different spectral
intervals; for the experiment on June 6, 1963, in the 4.5-8.5 micron spec-
tral region this altitude was 45 km to the east and 125 km to the west; for
the experiment on June 18, 1963, it was 90 km to the north. A comparison of
these data with the water vapor concentration near the Earth in these
regions (see Table 2) indicates a definite correlation between the emissive
gtmosphere altitude and the vapor concentration near the Earth. The deter-
mination of small concentrations of emissive vapor is facilita%ed under the
observational conditions, since the thickness of the optical path can amount
to several hundred kilometers, when the sighting is performed by a narrow-an-
gle optical system at large angles to the nadir. An increase in the amount of
data and statistical processing of the information may possibly provide a
more reliable basis for the assumption of vertical water vapor propagation.
The radiation of mitric oxides cannot be excluded, although in this case
variations with the underlying surface characteristics are less probable.

Since the experiments were performed by equipment having a narrow-
angle optical system, it was possible to observe ionosphere infrared radi-
ation from the oriented carrier in this series of launches (Ref. T). It
must be noted that, due to the very slow scanning motion of the optical
system, when the rocket shifted by 50-T0 km - during the sighting time of
angles adjacent to the horizontal - the recorded layers were very diffuse.
It was possible to observe ionosphere radistion by the change in the radi-
ation spectral composition for the horizontal direction. In particular,
the results derived from the launch on October 18, 1962, indicated that
ionosphere radiation was concentrated in the 4.5-8.5 micron region. It is -
interesting to note that during the launch on June 6, 1963 (no perturbation
in the ionosphere on the solar side) the infrared radiation in the horizon-

tal direction was weak.
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DETERMINING TEMPERATURE AND MOISTURE OF THE EARTH'S
ATMOSPHERE BASED ON SATELLITE MEASUREMENI'S OF THE EARTH'S ATMOSPHERE

M. S. Malkevich, V. I. Tamarskiy

Spectral measurements of radiation leaving the Earth in the region Zth
of the carbon monoxide (15 Hk) and water vapor (6.3 pk) absorption bands
by satellites has made it possible to determine the vertical distribution
of temperature and humidity in the Earth's atmosphere. A concurrent
determination of these parameters in the following way is advantageous.
The vertical temperature distribution T(p), without allowance for the
CO; and H,0 bands overlapping (p is the pressure at standard levels) can
be determined from radistion in the CO, band, whose concentration in the
atmosphere 1s known. Utilizing the T(p) thus obtained according to radi-
ation in the HyO band, we can determine the vertical distribution of
specific humidity q(p), and can then define T(p) more accurately, with
allowance for the bands of both gases overlapping in the 15 |1 region. An
analagous problem can be solved by measuring the outgoing radiation of
0., and H,0 in the radio wave range of the spectrum.

The fact that the radiation leaving the Earth, which corresponds to
different sections of the absorption bands under consideration, is pro-
duced in different layers of the Earth's atmosphere - and, consequently,
reflects the thermal regime of these layers or the concentration of
water vapor in them - provides a physical basils for solving this problem.
It is clear that the outgoing radiation represents the superposition of
radiation from all elementary atmospheric layers, and the incoming pro-
portion of radiation from each of them is determined by the transmission
function of the atmosphere 17,,, which depends on the frequency v, the
concentration of the absorbant substances, pressure, and temperature. If
it is assumed that the underlying surface radiates like a black body at
the temperature T(po), then the intensity of radiation I, leaving the
upper atmospheric boundary in a certain direction, (for example, in the
zerith direction) is related to the desired functions by the following

relationship:

i’o

I, = By [T (po)) v [Por 7 (10)] —S By [T (midv [p, g(m)]. (1)

0

Here Bv is the Planck function, and ps is the pressure at the underlying
surface. Expression (1) is an integral equation of the Fredholm type of
the first kind (generally speaking, nonlinear).

Since it is necessary to obtain spatial and temporal variations
of +the functions T(p) and q(p), i.e., deviations from certain mean dis-
tributions T(p) and q(p% for the physics of the Earth's atmosphere, the
solution of this prcoblem must be based on precise measurements of the
outgoing radiation. On the other hand, it is well-known (see, for example
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Figure 1

Reduction of Vertical Temperature Distribution by Yamamoto's Method
(Ref. 9) Using Polynomials of Different Orders

n
Tp(p) = 5y tkPysl - T(p)s 2 - n=1; 3 - n=2; b - n=3; 5 - 0=k

[Ref. 1])that the opposite problems for equations of Lype (1) are incorrect,
i.e., small errors in the measured quantities of I, can lead to large errors
in the functions determined T(p) and q(p). This also necessitates a high
measurement accuracy.

The conclusion can thus be drawn that, before formulating the physical
experiment, it is necessary to establish what the errors in determining
T(p) and q(p) will be for the existing possibilities of measuring Iv' We
must also determine what requirements must be imposed on the experiment,
in order to obtain the desired quantities with acceptable accuracy. Taking
into account the difficulty entailed in measuring I, from the satellite
with high spectral resolution, it is advantageous to indicate the minimum
number (which is sufficient for this purrose) of spectral intervals in
which I, must be measured. This article is devoted to clarifying some of
these problems. /105
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1. Determining T(p)

Kaplan (Ref. 2) initiated the idea of determining T(p) by satellite
mesgsurements in the CO, absorption band. The works of Wark (Ref. 3) and
Yamamoto (Ref. h) presented certain methods for solving this problem for
the stratosphere, where water vapor absorption can be disregarded. In
particular, Yamamoto developed a solution for equation (l), which only
took into account the absorption of carbon monoxide, in the form of
Iegendre and Chebyshev polynomials expanded in powers of p and in the
form of orthogonal polynomials. In his report to the symposium on
radistion processes in leningrad (August, 1964), Wark proposed the use
of trigonometric functions for this purpose also. Examples of deter-
mining T(p) according to Iy, glven in 4 sections of the spectrum, show
that real variations of T(p) cannot be approximated identically in a
satisfactory way on all levels being studied by polynomials of the first,
second, and third order (Ref. h)- The utilization of additional expansion
terms (even of the fourth order) impairs the approximation, since the
incorrectness of the opposite problem is manifested (Figure 1). The
methods which have been presently developed for regulating operators of
the integral Fredholm equation types of the first kind (Ref. 1) still
require more initial information on the defined function I,;.

It is necessary to perform an optimum approximation of T(p) in
order to obtain a reliable solution of equation (l). Systems of statis-
tically orthogonal functions provide such an approximation; a rigorous
theory was developed for these functions by A. M. Obukhov (Ref. 5). This
theory can be used to determine T(p). If we represent T(p) in the
form

T(p)=T(p)+ T (p), (2)

where T'(p) are random deviations from the norm T(p)(T' << T) - which is 1106
known for any region of the Earth and any time interval, or which can be
determined according to aerological data - then we obtain an equation for
determining T'(p) from (1) and (2):

_am, [T ()] . s (T ()] .,
J, = la,l,_—o Ty (o) T (o) — S G T (p)duy vor (3)
[y)

which is linear with respect to T'(p). Here £, = I, - Tv5 Tv is the
intensity of outgoing radiation for the mean profile. As has been shown
in (Ref. 5), the optimum approximation of the random function - for
example, T'(p) - is performed by a system of orthogonal functions which
represent eigen functions of the corresponding correlation function, in
the given case Bp (when T' is set at a discrete number of levels, this

will be a basis system of vectors representing eigen vectors of the
correlation matrix BT(Pk’ Pl)-
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Examples of Eigen Vectors ¢k(pi) Calculated
According to the Correlation Matrix Bp (pk, pl) for Bismarck
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Figure 2 presents examples of 3 eigen vectors qk(pi) of the matrix
BT(pk’pl)' It is shown that any realization of T'(pi) can be approximated
by three-four eigen vectors with a mean quadratic error which does not
exceed 10-15%. This error can be expressed by the eigen values of the
matrix, representing the dispersion of the expansion coefficients. Thus,
representing T' in form of the expansion

YQ(P)Z}ZItﬁh(P) ()
=L .

and substituting in (3), we obtain a system of algebraic equations for
determining t).: '

._YD t,= 1, (v=1,2,... N>n), (5)

n
Thus tk = 2 D;ﬁfv. Here D;ﬁ represents elements of the inverse matrix

V=7
of system (5).
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Figure 3

Reduction of Vertical Temperature Distribution by the
Optimum Approximation Method Above Dry Iand (Bismarck)
3 0 3
I— Ty 2T )= 2 Tpopmp, Tp= 2\ T'(p) ep (p; 3—T7 (p) = 70 ek 0y
k=1 i1 k-1
4, are determined from the egystem (lT); L - solution of
equation (13) by Yamamoto's method (Ref. 9).

As was shown in (Ref. 6), the use of optimum systems does not
eliminate the instability of the solution, related to the incorrect
nature of the inverse problem for equation (9). But since these
systems provide the best approximation by a small number of terms in
the series (5), it is possible to solve equation (3) with satisfactory
accuracy (Figure 3, M), which is no worse than approximation in
general. It is thus apparent that a satisfactory reduction of the verti-
cal profiles for each of the cases examined (dry land, ocean) can also
be performed by mesns of a "foreign" system of eigen vectors (Figure L,
curve

The influence of the error entsiled in measuring I,, or f,, upon the
error in determining T'(p) is an important problem. It can be readily
shown (Ref. 6) that, if the measurement crrors are not_correlated, the
amplification factor of the mean quadratic error 6T %in
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Reduction of Vertical Temperature Distribution by
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Optimum Parameterization Above the Ocean (On Ship Board "S")

Notation is the same as in Figure 3; curve 4 is obtained by
means of @k(pi) determined for the mainland.

(where 6T is the mean quadratic error entalled in determining T') can be
expressed by the element ka of the reverse matrix of system (5)

The smplification factor of the error can be significantly reduced, if
we use the initial information on I,
intervals exceeding the number n which takes into account the basls vec-
can be reduced by a factor of approximately N/n.
amplification coefficients of Kp and Kq are given below for determining

tors. Then

T'(p) and q'(p):

]\'T =3 (ST/é/,

1

K= 8

>

=1

V=

1hs

n s
EL DD, (p) @, (M] .

(6)

for a large number N of spectral

The
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Figure 5

Examples of Eigen Vectors ¥(p) Calculated
According to the Correlation Matrix Bq(pk>pl) for Bismark

1- V152 - Y53 - Yy

p, mb 1000 850 TO0 500 LOO 300 250 200 150 100

Kp(n=N=2) 3.1 1.1 5.3 2.0 L.7 7.1 17.2 21.3 8.2 8.8
Kp(n=2; N=13) 1.8 1.0 1.4 0.5 1.3 2.3 6.0 8.0 2.6 2.5
Kq(n=3; N=3) 6.2 7.6 5.0 0.61 0.k 0.1 - - - -
Kq(n=3; N=8) 5.4 2,5 1.8 0.3 0.1 - - - - -

These results pertain to the case when the radiation of water vapor, whose
band overlaps the COp band of 15 ¥, is disregarded. Allowance for water
vapor can be important in determining T(p). Therefore, it is advantageous
to solve these problems of determining the temperature profile concurrently
with the problem of determining the vertical humidity distribution according
to the outgoing radiation in the HoO band (for example, 6.3 u).
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Figure 6

Reduction of Vertical Specific Humidity Distribution Above Bismarck

3 6

n
i . o~ —~ ) ,
I—q"(i 2—q] (p) = ]z e (D) 4R = 21 a’ (p) b (p); 33—y (p) = /Z a g (D)
=1 1=1 =1

q; are determined from system (24); 4- second approxi-
mation q'(p) obtained from system (27).

2. Determination of q(p)

It is advantageous to determine T(p) and q(p) concurrently based on
simultaneous measurements of Iv in the 002 bands of 15w and the H2 0
bands of 6.3 u. This is due to the fact that it is necessary to know
the rest in order to determine each of these parameters (the idea of such
a complex was also advanced by Kaplan [Ref. 71). By determining the
first approximation of the vertical profile T; (p) according to I, in /108
the 002 band of 15 u, without allowing for overlapping with the H,0 bands,
one can use it to determine the vertical profile g(p) according to I, in
the H, O band of 6.3 u. By obtaining the latter, one can define T (p)
more accurately, with allowance for the band overlapping, and can then
repeat the iteration.
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The problem of determining q(p) is similar to the problem of deter-
mining T(p), with the only difference being that equation (1) will be
essentially nonlinear: Tv[p,q(p)] ~ g complex function q(p) which does
not have an analytical expression. Since the mathematical method of
solving equation (1) 1s the main problem considered below, we can utilize
the approximate expression of the function T,y based on the band model
of Elsasser:

14@:1—®[Vﬂ;%0@q, (7)

where x = p/po; Wy = loq(pc)/g is the water vapor mass in a column of air

reduced to normal pressure Dgs lv - the generalized absorption coefficient;

— 2 12
(D(?U—,V—Rge dt (8)

o

~integral of probability;
X

0w ="\t (9)

0

-reduced mass of water vapor.

Iet us employ the approximation method by using empirical or ortho-
gonal functions obtained for specific humidity, in order to solve equation

(1). Representing
g (@) = g (z)+ ¢’ (2),

(where E(x) is the mean profile of specific humidity above a given region
and in a given time interval; q'(x) - profile deviation from the mean) and
regarding q’(x) as a random function, we can compile a system of orthogonal
functions (vectors) which provide optimum parameterization of any realiza-
tion q’(x). Figure 5 presents examples of the three first wvectors of such
a system, obtalined according to radiosonde data above Bismarck (summer) .

If it is assumed that the vertical temperature distribution T(x) and
the mean specific humidity distribution q(x) are known, then we can formu-
late an equation for determining q'(x), which is assumed to be small as
compared with g(x):

==, 01 =5 @ =\ Bz @1a [ ol (10)
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Here f,, - -1 v I, is the intensity of outgoing radiation calculated
accordlng to formula (l) for gq = q(x),

0 () = \tq () as

Q' (@) =\ tq’ () as;

oc/d oc/“?.

L,
G(w)] {,woexp [—Ton (:c)J
e = (200, w0Q ()]

(11)

In order to solve equation (lO), which is linear with respect to q'(x), /109
let us represent q'(x) in the following form:
5

(j () = :. G (.’l,‘). (12)

Substituting (12) in equation (10), we obtain an algebraic system of equa-
tions for determining the coefficients Q-

‘>‘

hl

I fv (v=1,2,...,1\'r>n)v (13)

where

g (b -+

g .(%) = X“P;.- (t) dt. (14)

The efficiency of the method was verified as follows. For given realiza-

tions T(x), q(x) and q(x), I, and I,were calculated according to formula

(1) for several spectral sectlons haVLng the width Ay = 25 cm~1l in the /110
interval v = 1241 - 1512.5 cm “t. The absorption coefficients 1, were

taken from the study (Ref. 8). The coefficients e and the desired func-

tion q'(x) were then determined according to the function of £y, which

was obtained from these calculations, and the given T(x) and q(x) described

by the above method. The results derived from this calculation are given

in Figure 6 for n = 3 and N = 3. Attention should be called to the great
divergence between the true and calculated profiles of q'(x) close to the
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Earth's surface. This is apparently related to the fact that q'(x) is
comparable with the mean rrofile E(x), which makes it impossible to
restrict ourselves to linear terms in (10). We should also point out
that, in contrast to a similar problem for the vertical temperature pro-
file, the variations in specific humidity have less influence on the
variability of the spectral pattern of outgoing radiation intensities.
Actually, as follows from (l) and (7), double smoothing out of the speci-
fic humidity occurs in the calculation of I.

It is possible to refine the solution of the problem by applying
Newton's method to the nonlinear equation (l); this method was generalized
to nonlinear operators by L. V. Kantorovich (Ref. 9). Writing (1) in the

form

Folg ] = ByIT (1)) {1 —® ( T‘/—;}wo [5(1) + é‘ (/,fgk(i)])} +

1 —_
. j/ lv _ . n
+SB“1T ()] dD {s 5 Wo [Q(-’C)T' z"‘/ké’k(.’c)}}—[\,zO (15)
0 k=1
and regarding (15) as a nonlinear eguation with respect to the coefficients

qy, for whose first approximation di)we employ the solution of system (13),
we can determine the following approximations from the system

- dF, [
SYALAICY iy oy L R g =0 (= 1,2,..). (16)

It can be readily seen that the conefficients of the system of equations
(16) coincide with IVk in the case of éﬁ;- Therefore, for purposes of com-
putational simplicity, we can employ the same coefficients in systems (16)
as in system (13), only changing the free term. Figure 6 presents the
results derived from solving equation (16) for 1 - 2. These results show
that this method provides satisfactory approximations of the calculated
profiles q'(x) to the actual profiles. The mean quadratic error of the
solution does not exceed 10%, under the condition that the quantity to be
measured i1s known with an absolute accuracy. If f,, is measured with a
certain error Ops then the coefficient K (x) = Tq/Tf - which indicates the
extent to which the error increases in determining the specific humidity
o, - can be expressed by elements of the reversed matrix Tﬁi of system (13)

and the basis vectors Y, . Namely, we have

n n 7 '/2
Kyl = 3N D rarsdne (9w @ |- (17)

k-1 q-<l v.-1
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The quantities K (x), calculated for the solution q'(x) obtained above,
are given on pageé 146 . As was expected, the error smplification factor
is at a maximum close to the Farth's surface. If the number of spectral
intervals N, in which Iv is measured, exceeds the number of basis vectors
n, then - Just as in the case of temperature - the error decreases by
approximately a factor of N/n. j

Conclusions /111

Based on the fact that statistical characteristics of the vertical
structure of temperature and humidity fields will be employed to solve
the problem under consideration, we can formulate basic recommendations
and requirements for the proposed experiment on the basis of the results
obtained.

1. In order to determine the deviations of the vertical profiles
for temperature and specific humidity from the mean distributions
T(p) and q(p), the measurements must be conducted by the differential
method. The radiation of a black body, equalling the radiation of the
Barth for T(p) and. E(p) above the measurement region in a given time
interval, must be usecd as the comparison standard.

2. In order to determine T(p) for the troposphere with an error
exceeding the measurement error Iv by a factor of 3-5, it is sufficilent
to measure the latter in 2-3 sultably selected intervals of the CO,
absorption band of 15 W, under the condition that the atmospheric trans-
mission is known with an absolute accuracy. In order to decrease the
error 2-3 times, it is necessary to have the measurements of Iv in 10-12
spectral intervals.

3. The selection of this amount of intecrvals for the water vapor
absorption band of 6.3 M, in which I is measured, in order to determine
q(p) in the troposphere leads to a somewhat greater amplification of the
measurcment error (a factor of 5-8 when 3 spectral intervals are chosen,
and a factor of 2-5 for 8 spectral intervals)

k. Let us assume that deviations of the temperature and humidity
vertical profiles from the mean profiles must be obtained with an error
of 30% of the mean gquadratic deviation (this comprises 2-30 in terms of
temperature and 0.5 - 1 g-kg_l in terms of specific humidity for
T(po) = 3OOOK, E(po) =3 -5 g-kg—l) The differences between the actual
radiation of the Earth and the standard radiation must be measured with
an error of no more than 5%, and the standard radiation must be recorded
with an error of 0.1%. This experiment is technically feasible at the
present time.
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ULTRAVIOLET RADIATION SCATTERING ( A 1300 R)
IN THE UPPER ATMOSPHERE OF THE EARTH!

(Summary)

S. A. Kaplan, V. G. Kurt

A two-layer model of the atmosphere with large optical thickness
is investigated. The incident solar radiation is scattered without absorp-
tion in the first, upper layer. gﬂnple formulas are obtained for the {112
scattered radiation intensity for Doppler and Iorentz profiles. In the
first case, the intensity is proportional to ,/1gN; in the second case,
it is proportional to Vﬁ: where N is the total number of dispersion stoms
in the line of sight. Scattering at the sides can provide the observed
intensity increase depending on the degree of immersion in the atmosphere.

' The article was published in the journal "Kosmicheskiye Issledovaniya',

3, No. 3, 237, 1965.
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However, the absolute intensity is much less than the observed intensity.
The role of absorption by molecular oxygen is taken into account in the
lower layer, and it is assumed that the albedo of a single scattering process
A increases linearly with an increase in optical thickness. A solution

igs found for the transport equation which is expressed by the Airy function.
Its asymptotic expression is found.

The application of the solution to the given atmospheric model shows
that the intensity begins to decrease sharply, beginning at an altitude of
~ 180 km. This result closely coincides with the observational data.

UPPER ATMOSPHERE LAYERS WHICH RADIATE
IN THE INFRARED SPECTRAL REGION

M. N. Markov, Ya. I. Merson, M. P. Shamilev

According to current opinions, the emissive gtmosphere of the Earth
represents a gas envelope with a relatively small thickness ~ 30-40 km.
Beyond its boundaries, the gas concentration is so small that there is
no significant radiation in the infrared spectral region.

These opinions have been substantiated by computations of the
angular distribution of the eigen radiation of the Earth and the atmos-
phere, which have been performed recently by several authors (Ref. 1, 2).
It should be pointed out that the result of all these computations is
predetermined to a considerable extent by the formulation of the problem
itself, since the assumed model of an emissive atmosphere represents, as
was indicated above, a gas envelope 4O km thick. In addition, these
calculations cannot pretend to be accurate, since at present we do not
know the entire characteristics of the radiation and gas absorptilion spectra
under the specific conditions surrounding gases at high altitudes (there
has been little research on the composition, temperature distribution, and
absorption fuiction, particularly for large atmospheric thicknesses amount-
ing to about 1000 km in the direction of the tangent).

The validity of existing concepts regarding the emissive atmosphere
can only be demonstrated experimentally.

Throughout 1958-1963, we conducted systematic measurements of terres-
trial and atmospheric radiation in cosmic space in the infrared spectral
region (0.8 - 4O u), from altitudes of 25 to 500 km (Ref. 3-5). The
research equipment for these measurements was carried by geophysical
balloons and rockets. )
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The following conclusions were reached from these measurements:

1. Intense infrared radiation is observed from the atmospheric layers
located at altitudes above 200 km. We performed the observations during
different times of the year (June, August, October) in regions which were
several thousands of kilometers apart for a different equipment sighting
direction with respect to compass points.

In every case, the upper atmosphere radiation had a maximum intensity
in the altitudinal region of 250 - 300, 420 - 450, and about 500 km.

2. The radiatlon observed at these altitudes was primarily concentrated
in the 2.5 - 8 W spectral region and in the section of the atmosphere illum-

inated by the Sun. . /11h

3. The upper atmospheric radiation has a maximum intensity of
(3—,) 10° w-m”~ for sightings in the direction of the tangent, when the radia-
tion is integrated along a line which is on the order of 1000 km long - which
corresponds to isotropic radiation of 1 em®- 107 erg sec t.

L. The radiation intensity depends upon the influence of solar radia-
tion upon the upper atmosphere, and increases during a period of maximum
solar activity.

Fipures 1 and 2 show sections of scanning cycles, which are adjacent
to the horizontal sighting directipn of the optical system for the equip-
ment, which were obtained from different altitudes. As these figures show
there are sharply cxpressed radiation peaks at altitudes of 250 - 300 and
420 - 50 km; thesc peaks were not obscrved at other altitudes.

Fipure 3 precsents curves showing the dependence of the amplitude for
radiation coming from a horizontal direction upon the sighting altitude.
These curves werc obtained during experiments in 1958, 1962, and 1963, and
present a more detailed illustration of the observed radiation distribution
by altitude. We would like to point out the particular importance of the
1963 experiment, which fully corroborates the results obtained previously;
this experiment again recorded radiation at altitudes of 280, L20, and in
addition 500 km.

In the 1958 experiments, and particularly in 1963, throughout the
entire experimert the equipment was strictly oriented in space with
respect to all three axes, and was in the shade of the carrier; this eli-
minated any possibility of solar radiation directly affecting the equip-
ment. In addition, the effective spectral rcgion was confined to the
2.5 - 4O u range in the 1963 experiments.

There should be no possibility that any structural elements of the
equipment could produce an error in the recording of the parameter being
studied, or that there could be a radiation effect from the carrier ele-
ments, since there could be no agrecment with the observed altitudinal

155



300
| =
I | #=280x1 H=4y ket
247 /, e
.« - L
u{ ] -!é /
&k i Q, #=370Km -
N f@| o o 1 @
W 10 & [3) +
700 - e o) oc - 8
g '5 o SO N
i o A L S
S8 Y
Ol ]
J L LA I ‘ h ( s s 1 i
Jg 20 9 7 9 20 0 W0 0 /9 20 g oz0 8 g 10 20°
452 435 077 7 q17 435052 417 9 477 435 gs52 035 417 0 417 435 pa
250 f/=320£/‘1 , H=370mi | §  C ( H=400xm
~ 200} g i § 0 '
e N —j0 818 i | Hlo
+ IO i © o adle g
= B [SEy o] % & | 4 (80
AN e —O O+ o g |-~
< TR = A QAR
N
g ! W 1 ! L 1 L i 1 I !
S/l /Y B |/ 1/ /B B /B 1/ A/ A A A /A

452035417 0 417 4355 4520355417 ¢ 417 835 452 435477 0 477 435rad

Figure 2

Sections of Angular Radiation Distribution Curves Adjacent to
Horizontal Sighting Direction at Different Altitudes Recorded in
Experiments on June 6, 1963 (Upper Group) and June 18, 1963

pattern of the radiation intensity.
environment upon the equipment (for example, heating or luminescence of

(Iower Group)

Since any influence from the outer

[115

the lens mount due to recombination processes during a passage at specific
altitudes) would naturally not depend on the turning angle of the equip-
ment scanning attachments, structural features of the equipment would

naturally be independent of altitude.

Radiation of carrier elements could

not be constant with respect to the sighting angle of the scanning system
and the observational altitude for different carriers employedin our experi-

ments between 1958-1963.

We would also like to note that during all the experiments performed
with the same apparatus, except for the fact that it was carried on geophysi-
cal balloons and rose only to an altitude of 30 km, no radiation was
discovered from the horizontal direction either during the daytime or at

night time.

However, this radiation was observed every time the apparatus

was carried on different types of rockets, on high-altitude geophysical

stations (HAGS), and always at the same altitudes.

This clearly corroborates

the reliability of the apparatus and the validity of the results obtained.
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Altitudinal Pattern for Radiation Intensity Maxima in the
Angular Region Adjacent to the Horizontal Sighting Direction.
Experiments in 1958 (1), 1962 (2), and 1963 (3).

An interpretation of the results obtained lies beyond the framework
of this study, since it can only be made by a careful comparison of new
results which we have obtained with all other data on atmospheric proper-
ties which have been compiled up to the present.

However, we feel it is useful to perform certain calculations, in
order to emphasize the possibility of combining the new data which we
have obtained with other information on the atmosphere. As of the
present, we do not have reliable data on the atmospheric composition at
the altitudes in which we are interested (in particular, with respect
to neutral compound molecules and radicals of the NO, NH type)- In addition,
we do not have the absorption coefficients of these gases under highly
rarefied conditions and tremendous thicknesses; therefore, it is advanta-
geous to investigate an atmospheric model which does not include absorbed
gases between emissive layers. Generally speaking, an entire group of
models may be postulated; however, it is considerably more difficult to
find criteria for their selection.

It should be emphasized that the altitudinal and angular distributions
of radiation can agree only under the assumption that the radiation is
localized in definite layers (5-10 km), which are located at certain alti-
tudes close to the upper and lower boundaries of the F ionosphere layer.
We shall assume that the thickness of the emissive layers at altitudes of
280, 420 and 500 km is ~ 5 km, and the effective visual angle of the
equilpment (with allowance for aberration and constant amplifier time) is
about 0.5°. On the other hand, there is practically no absorption in the
space betwcen the layers. It is then possible to calculate and compile
the relative intensity pattern for curves of the angular radiation distri-
bution, assuming that the intensity is proportional to the emissive layer
length with allowance for radiation dilution. Figure 4 presents the
calculated curves as well as the experimentsl (1963) curves. These curves
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were compiled in accordance with the nature of the scanning system motion

for the equipment used to carry out the experiment. During the scanning,

the optical system of the equipment moved up to the horizontal position,

and then turned back again. Therefore, the curves obtained are symmetri-/116
cal with respect to the horizontal, and correspond to different directions

of motion for the.optical systems during scanning.

It can thus be seen that there is satisfactory agreement between the
calculated and experimental curves for all three observational altitudes
(as well as the intermediate altitudes). The small difference between
these curves can be explained by the fact that the equipment does not
record the fine structure of transitional sectlons, and on the other hand
by the approximate nature of the assumptions acdvanced during the calcula-
tion regarding the size of the layers, thelr structure, the density
distribution in the layers by altitude, etc. Allowance for all of these
factors can lead to more precise agreement between the calculated and
experimental curves.

We pzrformed additional computations for the model under consideration.
These computations showed that for certain reasonable assumptions the exper-
imental data provide judicious values for the temperature in the emissive
layers, the number of unbalanced radiation acts, an isotropic radiation /117
stream, etc.

(a) Concerning the isotropic stream of radiation detected.

For a layer thickness of 5 km, the length of the emissive gas column
along the layer.is about 500 km (limited by the curvature of the Earth).
Thus, for a measured flux of A/lO—gw-cm_d, the volumentric density of the
radiation is about 2:10 % .cm ® (10 %ergesec t-cm ®), and the isotropic
flux of one layer is 2:10 %e+cm °+5-10° cm = 10 *w.cm™>. Thus, this flux
is gbout 0.07% of the solar constant, and the maximum flux of all the
lgyers can only be several tens of a percent of the solar constant (also
of the radiation magnitude of the planet).

(b) Concerning the amount of unbalanced radiation processes.

Assuming that the radiation has a maximum in the spectral region
around 3-5 H, we have the value ~»5~lO_lBerg for the quantum energy. In
accordance with the standard atmosphere at an altituCe of 280 km, we have
2.10%°particleccm™® (Ref. 6). Thus, 1 cm® radiates 10 “ergesec *. Conse-
quently, 1 radiation process per second corresponds to the flux which we
obtained.

(c)Cmmanmgtmzmwmeofr%ﬁﬂjm1&maﬁw,
In the spectral region where radiation is primarily concentrated
(2.5-8.0 p), there are rotational-fluctusting absorption bands of mole-

cules comprising the atmospheric composition, particularly H;0, CO,, N3O,
NO, CHs, etc. One of the assumptions regarding the radiation mechanism
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stipulates that molecules of atmospheric gas are excited by the solar stream
at definite altitudes, and rotational-fluctuating changes in their energy
spectrum are caused by the radiation. However, we have no definite data

on the neutral composition of the atmosphere at altitudes of 200-500 km.
Only the ion composition is known; it comprises a small portion of the
total amount of particles (for example, the concentration is about 0.1%

at an altitude of 300 km [Ref. 71). However, if we advance the assumption
that the ion composition reflects the concentration of neutral particles to
a certain extent, we can then draw the conclusion that NO molecules play a
decisive role in radiation (at least at an altitude of 280 km). The
concentration of NO ions at altitudes of about 200 km amounts to 50% of the
total amount of atmospheric ions in several cases. The NO molecule has an
intense absorption band at about 5.3 W (according to data in [Ref. 8]).
Thus, under these assumptions the concentration of neutral NO molecules in
the lower layer can amount to 10° em 3, and the total number of emissive
particles is on the order of 500 km ~ 10*7 for the path length. Not even
these assumptions may be advanced at present regarding the other neutral
molecules of the upper atmosphere, which could radiate in the infrared

region.

Rough estimates have shown that the effective temperature reaches
~ 2000°K for the observed radiation intensity. It should be noted that it
is difficult to determine any other temperature, which has a physical
meaning with respect to the radiation intensity, since thermodynamic equil-
librium (even local equillibrium) is not present under the layer conditions,
and also there are no data for the NO absorption function for such large
thicknesses and low pressure. The temperature can be obtained from the
width of the radiation line, and for this purpose the measurements must be
performed with great spectral resolving power (10 “cm *).

We cannot exclude the assumption of a more complex mechanism by
which atmospheric molecules are excited as a result of photochemical
reactions, recombination processes, etc. However, at the present time
there is no adequate basis for distinguishing between certain mechanisms.
Further studics of the spectral composition, the latitudinal distribution,
and other characteristics of the radiation detected are requisite. /118

(d) Concerning possible energy sources exciting the layers, and also
indirect data substantiating these sources.

Estimates of the electromagnetic solar radiation energy in different
spectral regions show that the requisite fluxes (~ 1000 ergecm ~ esec l)
cannot be obtained in the X-ray and ultraviolet spectral regions. On the
other hand, the relationship with solar activity indicates that this is not
due to excitation by radiation of the visible spectral region.

Thus, 1t must apparently be assumed that the emissive molecules are
excited by corpuscular streams from the Sun. According to data by
McIlwain, the corpuscular fluxes reaching an gltitude of 100 km comprise
several thousands of erg-sec_l-cm"g, at least during the aurorae polaris
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Figure b

Calculated and Experimental Sections of Angular Distribution Curves
(in Relative Units of Intensity) For an Experiment on June 18, 1963

(Ref. 9). At the higher regions, the influence of the radiation zones
becomes possible (electron fluxes of several hundred of erg-cm'2 were re-
corded in [Ref. 10]). It is interesting to note that according to the data
given by C . Stormer (the book "The Aurorae Polaris") the aurorae polaris
altitudes are grouped around 300-400 km in the upper atmosphere regions
illuminated by the Sun (according to altitudinal observations of more than
10,000 aurorae between 1911-19kk),

We have already indicated above the possible dependence of the radia-
tion from high atmospheric layers on solar activity. Since it is natural
to assume that processes con the Sun have an influence on the intensity of
infrared atmospheric radiation, particularly streams of solar corpuscular
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radiation reaching the upper atmosphere of the Earth, we have given the
condition of the Sun and the magnetic field of the Earth below (depending
on solar activity) for the days when rockets were launched.

Particles and radiation emitted by flocculi and flares occurring
close to the central meridian of the solar disc have the greatest effect
on the Farth's atmosphere. Therefore, the solar activity, in which we
are interested, is characterized by the number and dimensions of the
floceuli and flares occurring close to the center of the solar disc.

The number of flocculi was estimated for 5/31-6/1 for the launch on
6/6, and 6/11-12 for the launch on 6/18, since the corpuscular streams
emitted from the flocculi region are comparatively soft, and reach the
Earth in 6-T7 days. Their influence on the Earth's atmosphere is primarily
confined to high altitudes (1000 km and above).

The number of flares was estimated for 6/3-4 for the experiment on
6/6, and for 6/15-16 for the experiment on 6/18. This is due to the fact
that particles emitted during flares are considerably harder.

Finally, ultraviolet and X-ray radiation is emitted during flares.
This can be characterized by the number and intensity of flares at the
launch time.

The condition of the Barth's magnetic field at launch time is charac-
terized by the Kp—index - the planetary index of the magnetic field.

Sun. A storm related to a flare was observed for two days before and
during the experiment; Earth. Kp = b5,

Experiment on June 6, 1963.

Sun. May 31-June 1 - small number of flocculi; June 4 - one very weak
flare; June 6 - no flares; Barth. Ky = O between June 4-6.

Experiment on June 18, 1963.

Sun. June 11-12 - gignificant number of flocculi; there were six
flares for two days before this; Earth. Kp = 3.5 on June 18, which indi-
cates perturbation of the magnetic field.

The graphs shown in Figures 2-4 show that in 1958 - the year of /119
maximum solar activity - there was considerably greater radiation from
the higher upper atmosphere layers than during the 1962-1963 experiments -
during years of a quiet Sun. In the 1963 experiments the radiation of
the upper atmosphere layers on June 18 was considerably higher than on
June 6, when it was insignificant.

It can thus be stated that (naturally, teking the fact into account
that there are still very few measurements) there is a correlation between
the infrared radiation of the upper atmosphere and flares close to the
central meridian of the solar disc.
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In our opinion, the research results are very important for formu-
‘lating an opinion regarding the Earth's atmosphere. It is naturally
impossible to indicate all the areas where we may employ the new data on
the existence of upper atmosphere emissive layers, but several of them
may be clarified:

(a) Determination of the qualitative and gquantitative composition of
upper atmospheric gases (variable component) according to their radiation
spectrum; (b) Verification of the hypothesis regarding the nature of the
Earth's ionosphere; (c) Determination of temperature distribution in the
thermosphere according to intensity and width of the radiation spectral lines.
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The present section includes reports containing the results derived /122
from a different type of research, primarily conducted in the outer at-
mosphere by means of AES and rockets up to altitudes of 2000-3000 km and
above. The different data characterize the electron concentration (alti-
tudinal distribution, spectra of heterogeneous formations, fluctuations),
the ion composition, their total concentration and temperature, etc. in
the ionosphere. Some reports include the results derived from measuring
the spectra of low-energy electron fluxes in the ionosphere, their angular
distribution at different altitudes and longitudes, data on the high-
energy proton distribution, etec.

A small number of reports on radiowave propagation supplements this
group of problems.

The authors themselves selected the summary, as well as the data from
the international literature which are presented in certain reports, the
systemization of these data, and their interpretation.

The overwhelming majority of the reports are purely experimental in
nature. Different methods were employed, such as the probe method (mass
spectrometers, electron indicators, charged particle traps, electron
multipliers, Geiger counters), and radio physical research methods, par-
ticularly employing coherent radio waves. Radio research comprises a
significant portion of the studies included in this section.

Among the experimental results given in the réports, we would like
to point out, for example, measurements of the outer ionosphere composi-
tion showing that during the observational period (1964) there was a
rapid change from atomic oxygen ions to atomic hydrogen ions (in the
900-1200 km region) with a negligible helium content in the outer atmos-
phere. We would also like to point out new data on the altitudinal-
heterogeneous structure of the outer ionosphere. ZElectron concentration
maxima were found (possibly, short—lived), the complete spectra of hetero-
geneous formations were obtained for the first time, etc. It is interesting
to note the results derived from measuring the angular distribution of
low-energy electrons in different regions of the Barth, particularly in
the southern anomaly region.

It is well-known that Soviet scientists were the first to obtain re-
sults on the ionosphere composition by means of mass spectrometers, on
the ion concentration by means of probes ("traps'"), and on the electron
concentration behavior in the outer ionosphere by means of radiowaves.
Soviet scientists were also the first to obtain data on streams of low-
energy corpuscles. The ionosphere investigations presented at the con-
Terence have led to the discovery of several very important facts. Par-
ticularly, one fundamental fact which was noted above, is that atomic hydro-
gen ions represent the main ionosphere component above 1000-1200 km. These
results, which are given in one of the reports, as well as other new data
are on a level with present day research.
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One of the most important problems of future research is the continua-
tion of all types of experiments at great distances from the Earth's sur-
face in order to obtain the altitudinal dependences of physical quantities
which we are here discussing. Research on the region where the atmosphere
of the Earth changes into the interplanetary medium is thus of fundamental
importance.

Concurrent measurements of different quantities by employing different
methods on one craft represent another important task. For example, in
light of results which have been obtained it 1s absolutely requisite to
perform concurrent measurements of concentration and composition of parti-
cles, the energy spectra of electrons and ions in very low energy regions -
beginning from 10-100 ev - temperature, and other quantities. The time
appears to be approaching when the foundation provided by experiments with
AES will make it possible to formulate a theory for the formation of the
ionosphere which will be more comprehensive than the theories existing
today and which will encompass the main complex of phenomena occurring in
the ionosphere.
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AUTITUDINAL-TIME DISTRIBUTION OF THE ELECTRON CONCENTRATION
AND NONUNTFORM FORMATIONS OF THE OUTER IONOSPHERE

Ya. L. Al'pert, V. M. Sinel'nikov

1. Theoretical Premises

The method which we have employed in recent years to study the ion- /123
osphere by means of coherent radio waves emitted from an artificial Earth
satellite (Ref. 1, 2), as well as certain results derived from these studies,
are given in (Ref. 3-5). The difference, measured in these experiments,
between Doppler frequency shifts 6&(t) of two coherent radio waves at any
point on the Earth's surface is directly related to the velocity components
of the emitter, the electron concentration of the ionosphere, and its
spatial-time changes. In general form, the formula for 69 (t) is given,
for example, in the work (Ref. 5).

The curves 6%(t), formulated on the basis of continous recordings of
the phase difference of 62(t) - in many cases, throughout the entire observa-
tional period, or only in a certain portion of it and not at all points -
have nonregular quasi-periodic variations with periods from fractions of a
second to several tens of seconds (Fig. 1-3). These changes in 8%(t) - i.e.,
deviations in the curve 8¢(t) from a flat pattern - are caused by the
"cloudy" structure of the ionosphere - namely, by its small- and large-
scale nonuniformity. In certain caseg, they may be possibly caused by
the nonstationary nature of the electron concentration throughout the
time intervals equalling the variation periods of 89(t). This can be readily
seen from a general formula connecting the measured quantity dé(t) with quan-
tities characterizing the electron concentration and with the velocity com-
ponents of the emitter at each fixed moment of time t (see [Ref. 5] ). It can
be shown from analyzing this formula that, as the emitter passes along the
orbit above the observational point, the veloclty components of the emitter
f. and Z. change so that éé(t) has the largest positive value during the
ascent of the AES. Then, decreasing smoothly, as the observational point is
approached it passes close to it through the point &%=0, and then - {l2h
increasing in terms of absolute magnitude - it reaches a maximum negative
value at the moment of descent. This is achieved if N = N(z) - i.e., if
N is only a function of altitude, or if no significant role is played by the
quantities taking into account the dependence of N on the horizontal coordi-

nates x,y, and the time t - i.e.,

CATEIEA S N
| S oz © dS, \ vy dS ands o ds,

However, it can be seen from the curves shown in Figures 1-3 that, although
the general nature of the expected change in &%(t) is retained, the quasi-
periodic changes, caused by the influence of the horizontal gradients
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N(x,y,zl are superimposed upon it.
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Figure 1

Comparison Of the Results Derived From Measuring the Difference
In the Doppler Frequency Shifts 8§3(t) At Two Points In the
Vicinity Of Moscow (1,2) According to Data From "Elektron-1"
On March 1k, 1964

When analyzing the curves 6©(t), we start with the following assumption,
which we belicve is dictated by simple physical concepts regarding the
ionosphere propertics: the lifetime of nonuniforn formaticns, their dif-
fusion at different altitudes, the drift of the nonuniformities, and regard-
ing similar phenomena occurring in strongly-rarefied ionvsphere plasma. Just
as was done in previous studies (Ref. 3, 5), we assume that each quasi-
pericdic change in 6§(t), recorded in the form of a continuous recording of
6@(t), is primarily and most frequently caused by the local change in the
electron concentration - i.e., when the emitter intercepts a nonuniform
formation along the AES orbit. Then Tb/2 characterizes the linear dimension
Po of the nonuniformity, and the deviation of A(év) represents the change in
electron concentration (see Figure 3) - i.e., the quantity AN ~ Ny - Ny,
where Ny is the unperturbed value of N. . /125

Thus, we start with the following assumption. In the first place, we as-
sume that nlong the linc of sight the gradients ON and éﬁ, changing in terms of
) X
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magnitude and sign, are balanced on the average under the integral sign.

This is connected with the fact that in the ionosphere one of the nonuniform-
ities is continuously replaced by another, due to their small lifetime, and
the drift of nonuniform formations occurs in different directions at differ-
ent altitudes. We can thus mathematically assume that the corresponding
integrals can be replaced by integrals with respect to a limited region in
the vicinity of the emitter orbit. It must be kept in mind that this assump-
tion does not exelude the fact that the local influence of the nonuniformity it
not manifested along the orbit, but rather in any narrow, disturbed region

of the jonosphere, which is fairly stable with respect to altitude, below the
altitude of the emitter. WNaturally, the validity of this assumption can be
mainly demonstrated on the basis of experimental data. A general theoretical
proof of this assumption - or, on the other hand, refutation of it - cannot be
sufficiently valid, because 1t depends on the specific form of the dependence
of electron concentration gradients on altitude. On the other hand, the
experimental data obtained on this basis can in themselves contain several
arguments which refute, or - on the other hand, which coincide with - the
assumption employed. We have advanced the corresponding arguments in favor
of this assumption in previous works(Ref. 3, 5). However, the most reliable
proof of this assumption will be a comparison of the data obtained on the non-
uniform structure of the ionosphere with the corresponding data obtained by
means of other measurement methods under similar conditions.
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Figure 2

Dependence OFf 6§(t) Obtained In Moscow (1), Sverdlovsk (2),
And Novosibirsk (3) During One Revolution ("Elektron-1",
March 2, 196L)

In the second place, with the processingbmethod employed we did not

distinguish between the effect of changes in ry with time along the wave
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oN
trajectory. This is related to the fact that, in those cases when f‘g; ds
causes rather rapid variationsin 65(t), they® appear on this curve as 88(t)
Lo}
during the brief influence of 5%, Just like the influence of a nonuniform

formation. It is hardly possible to individualize these variations in time,

Q
or to determine what ionosphere regions they encompass. However, I-S% as /126

is a slowly changing term in the equation for éé(t) (see [Rer. 5]), since it
does not depend on the velocity component and only slightly influences the
general nature of the change in the function 8¢(t) with time. The nature of
this change is primarily determined by the rapid change in the velocity com-
ponent of the emitter when it passes above the observational point.
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Figure 3

FExample Of the Dependence Of 83(t) With Rapid Quasi-
periodic Changes. Moscow, "Elektron-1", March 19, 1964

Assuming that the quasi-periodic changes in éé(t) are primarily caused
by local changes in the electron concentration Ny, we find that the linear
dimersion of the nonuniform formation intercepted by the emitter is (see

Figure 3)2
Uy = =‘.OT- (1)
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Such a determination of pg i1s chosen conditionally, keeping the fact in
mind that if the wave origin is gonuniform, then its wave length is
A = VT, and not VbTY2. In addition, we can write the dependence of the
electron concentration in the nonuniform formation under consideration in
the following form

N = No(2) + Na(x, Y, 5).

Not restricting ourselves to the magnitude of Ny as compared with No, and
assuming that

7 eog e E) T (zc— %) (ye—y)=
Ng = Nygcos °2pz : cos%zpr coS So
for po < z, and the isotropic nonuniformities
=0, =0, =p/b L2 ,
we obtain the following formula, which determines Ny, (see [Ref. 6]): /127
COS T L
: 2e? 1 1 \ % Po ¢ .2_'3_'
A(‘S(D)d-:‘m‘—— — = =] Ngg{— —==¢ T
c m (“)E "’I/ oS @, _ch"“'lzl:(zi:>2 (2)

— (sin ¢ €03 @) 1 =

5 vzl

)

where the signs £ 1in the denominator are selected according to the following
values XC/ZC £ 1 and XC/ZC > 1.

In the formulation of the curves Gé(t) we have employed the following
fact. When the emitter passes above the obsérver at each orbital revolu-
tion, there is a point at which

. éC#\ —
<“—Tcomm/'—0' (3)

Here I, and %, represent the radial and vertical velocity components of
the AES, respectlvely, ¢, - the angle between the line of sight and the
normal to the Earth's surface from the point ¢, where the emitter is located
at a given moment. At the point where condition (3) is satisfied, the formu-
la connecting 6% with tge ionosphere parameters is significantly simplified.

In the stationary case(——-mao), we have:
. R

C o oames [ 1 i - Ry (CON z dR
5([)=__.~(_———> {— Netosq Ve R, % dy x_ccoswc} ()
where W and W, represent two of the emitter coherent frequencies (&h > 0p);
® - the frequency at which the quantity 6% is recorded (in our device

= 180.045 Mc);R, - radius of the earth; R, = R, + z. - radius vector con-
nectlng the center of the Earth with the point c¢; X and X, - horizontal
spherical distances to the normal (radlus vector Rc) in the incident plane
from each point, respectively,along the line of sight to the surface of the
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Earth: %% (z) is the horizontal gradient of the electron concentration along

the line of sight in a direction normal to the incident plane. If the

second component is excluded from (%), which is generally assumed in many

cases (see, for example, [Ref. 5] ), then - at the moment when condition

(3) is fulfilled at the observational point - the recorded quantity 8¢ directly
determines the local electron concentration N, around the source, i.e., for

w2 = 20.005 M, and w] = 90.0225 Mé, in our formulation we have

o) = S5 zp (mugecs) 170 405 :
N (en )__GQKCPSE"—-"7£§mc R~ (5)
Some results derived from determining the electron concentration N, by
means of a "shortened" formula (5) are given below. These results are based
on® measurements in Moscow, Sverdlovsk, Novosibirsk, and partially in
Tbilisi, of emission from the radio station "Mayak" placed on the AES "Elek-
tron-1". Altitudinal curves N, (z,t), which are investigated below, were
constructed for the L430-1800 km altitudinal range. During the observational
period from February 1 to March 27, 1964, 52 curves of ¢ (t) were obtained in
Moscow; 78 - in Sverdlovsk; and L45 in Novosibirsk. On the basis of these
curves, about 7,000 values for p, were determined for thep, =~ 1-400 km
range. The smallest values of p,, which can be conveniently analyzed from "
photo-recordings, are approximately~1 km (this corresponds to T_/2~0.1 sec).

The maximum electron concentration deviations in nonuniform forma- 1130
tions

o AV Nag— s " (6)

Ny JV()

were calculated by means of formula (2). The measurement results were pro-
cessed for only 41 observational periods in Moscow for pp<50 km. These
results are presented below.

2. Description of Results

Figures 1-3 present the curves for g4 (t), based on photo-oscillogram
processing of 5@(t). Figure L presents an example of such a photo-oscillogram.
Figure 1 presents a portion of a simultaneous observation period near
Moscow at 2 points which were several tens of kilometers apart. The AES
orbit in this case was such that for both points the times at which the
condition (re + zo/cos ¢o)=0 was fulfilled almost coincided (see the
vertical arrows in Figure 1, on the time axis). It can be seen from Figure 1
that the values of 6b at both points (dots and crosses) very closely coincide.
This agreement in the behavior of §é (t) for both Moscow points is almost al-
ways observed. The dependences of §¢ (t) recorded for one and the same AES
revolution in Moscow, Sverdlovsk, and Novosibirsk (see Figure 2) show that,
at sections of the curves 66 (t) corresponding to one and the same observa-
tional time, the variation in the ¢ Ct) behavior 1s almost always the same
at different points. Random, quasi-periodic variations ingé (t) can be seen
in Figure 3.
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The dependences No(z,t) and N.(z,t) in Figure 5 and 6 were formulated
on the basis of the electron concentrations N, determined by means of
formula (5) according to photo-oscillograms of §&(t) recorded in Moscow,
Sverdlovsk, Novosibirsk and Tbilisi. For Moscow, the observational times
pertained primarily to 12-13 hours; for Sverdlovsk - to 10-14 hours; and
for Novosibirsk - to 12-15 hours local time. The measurement results in
Tbilisi were significantly less; they were employed to formulate the de-

pendence N,(z,t) for z = 1100 - 1800 km. The main values of N,, obtained
at all the points, pertained primarily to points located to the north of
the observational points at distances of 200-600 km (see [Ref. T]).

The set of values for p, and SN was processed statistically for the
altitudinal regions of Az, = 100 km. However an examination of tne data
shows that the magnitude of p,, ON changes slightly through these altitudinal
regions. In addition, there are few data for the altitudes z, > 1200 km.
Therefore, the corresponding dependences are primarily formulated for two
altitudinal regions of z, = 400-800 and 800-1200 km. These data are pri-
marily recorded in a time interval of +1 hours with respect to midday

(Ref. 6).

The dependence N (z t) of the electron concentration Ne on altitude is
shown in Figure 5 (see [Ref 71). For Moscow (dots and solid lines) and
Sverdlovsk (crosses and dashed line), the curves for Ne(z,t) are somewhat dis-
torted by the cross-averaging of individual N, values for discrete altitud-
inal, regions of 30-40 km. The results derived from measurements in Novosi-
birsk are smaller, and therefore each of the N. values obtained for it are
plotted directly in Figure 5 (triangles). In addition, the relative be-
havior of Nc(z,t) at an altitude below 400 km, based on observational results
from the AES "Kosmos" in 1962 (crosses) (see [Ref. 5]), as well as the mean
behavior of N(z) in the lower ionosphere (dot-dash line) based on data /131
from an ionosphere station, are plotted in Figure 5.

Tt can be seen from Figure 5 that the dependence N.(z,t) has several
alternating maxima and minima. They closely coincide with each other for
all three pcints. The distance between the maxima and minima following one
behind the other changes between 120-160 km. The deepest minimum is at an
altitude of z. ~ 620-630 km. In the lower portion, the curves for N.(z,t)
have one maximum. This first maximum of Nc(z,t), which is located above
the main ionosphere maximum of Ny 47?2, closely coincides with the maximum
of Nc(z,t) which we observed previously during similar processing of Ne
measurement results from the AES "Kosmos'" for several days in April, 1962
(see [Ref. 5]). The general tendency of N, to decrease with altitude (see
Figure 5) - if it is described by the secant curve which averages the quasi-
periodic changes in N.(z,t) (curve a), or by the tangent to the minima of
N (Z t) (curve b) - closely coincides in general with the individual alti-
tudlnal curves of N(z) obtained at different points for definite moments
in time by means of a high-altitude rocket (Ref. 8), the AES "Alouette"
(Ref. 9), and also by noncoherent radio wave scattering in the ionosphere

(Ref. 10).
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Dependence Of Unit Values Of the Electron Concentration

N.(z,t) On Altitude, Based On Data From "Elektron-1",
February 17-March 27, 196L

1l - For Novosibirsk; 2 - for Moscow; 3 - for Sverdlovsk

The averaging of all values for N, over large altitude regions /133
Az 2 100 km leads to an averaged, smoothed curve for NETETT7} in which there
is only one clearly expressed maximum above the main maximum of the ionosphere
NpoxF, &t an altitude of z. ~ 800 km, and a minimum at an altitude of 600 km.
The corresponding curve is shown in Figure 6. For purposes of comparison,
the individual curves for N(z) are plotted in this figure; they were obtained
recently by noncoherent gcattering of radio waves (Ref. 10) by means of the
jonosphere impulse station on the AES "Alouette" (Ref. 9). The curves for
Ny + (Z\, obtained by means of a high altitude rocket (Ref. ll), are also
plotted in this figure. Results derived from measurements in Tbilisi above
1100 km are utilized in this figure.
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Figure 6

Smoothed Dependence of Electron Concentration No(z,t) According
to Data from "Elektron-l" and Altitudinal Dependences of
No(z) and N (z) Obtained in Other Experiments

1 - N (z,t), 10 hours-15 hours, February-March, 1964, "Elektron-1";
2 - Nj (z), l hour 7 minutes, April 12, 1961, rocket, Cape Canaveral
(Ref. ll), 3 - N(z), 14 hours 55 mlnutes, September 5, 1964, nonco-
herent scattering, Peru (Ref. 10); 4 - N(z), 16 hours 14 minutes,
October 1, 1962, AES "Alouette'", Singapore (Ref. 9).

As we can see, the altitudinal-time pattern of NC(Z,t) shown in Figure 5
for a set of individual values of N,, corresponding not only to different
altitudes z,, but also to different coordinates of the AES and to a different
time t - both for a day and a month - has led to a dependence of electron
concentration on altitude which is new in qualitative terms. Along with the
quasi-periodicity of N, (z t), one of its important features is a deep minimum
for z = 620-630 km, located approximately in the middle portion of the entire

altitude range.

Curves were constructed for the distribution of nonuniform linear dimen-
sions on the basis of data for pPg
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Figure 7

Spectra W (py) of Nonuniformity Dimensions in the Altitudinal Ranges

b - for 800-1200 km

a - for L00-800 km;

When the curves for

(t) changes for different

L00-800 and 800-1200 km in Figure 7.
were taken into account - i.e.,

They are given with respect to all three observational points and altitud-

the fact that the over-all recording time of &¢

W (po) were drawn, the "weights" for aj

inal ranges Zz.

It is assumed that

the observational time in Moscow at an altitude of L400-800 km has the

altitudinal ranges and different observational points.
1 -
'weight" ag = 1.

All the remaining values of a; pertain to this value.

177



g /00 400 5
o
s 4
’ 46
E 0"] B \»—4\/\/ l_
o ]
Ho7 00/1/4
g - {
g it \\Lf/
= L
e
o ofr %
Q
St
[ -
g Ao o
= g ?
o B
2 A L
B <
S 5
[aag: L1 1 7

! 1
78/ Y/l Jﬂ 50 Y/ /)
Fastern Longitude (degrees)

Figure 8

Dependence of Relative Number of Nonuniform Formations
Having Different Dimensions po Upon Longitude At Different Altitudes
a - for z ~ 400-800 km; b - for z ~ 800-1200 km.

The dependence (Figure 8) of the relative number of nonuniformities
1_ £ (82)
o .
I ( ) >_‘ \_lli(/K}v) (8)

was determined as a function of longitude, in accordance with the character-
istics (which are apparent on the spectra of W’(po)) for intervals of Apg
equalling: 1-6 km, 6-100 km, 100-400 km for discrete longitudinal ranges

of: M = (25-35), (35-45), (45-55), (55-65), (65-75), (75-85) and (85-95)°E
and the latitudinal interval of ¢ = (43-62)°N. /13h

Curves were also obtained for Moscow showing the distribution of
electron concentration deviation ag a function of nonuniform Fformation
dimensions p,, namely, the dependences

N n {(3po)
; AN Ay
0 (p0) =y (00) = 7y ()
e, 6N
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Distribution of Relative Fluctuation Of Electron Concentration

AN/NO At leferent Altitudes z For Nonuniform Formations
1 - for z = 400-800 km; 2 - z = 800-1200 km.

for two altitudinal ranges (Figure 9). When the unit values of
AN = Nao_ N_. were calculated by means of formuls (2), the mean altitudinal
dependence Nb( ) = N (z ‘57 was employed, which was obtained in the same ex-

perlments(see Figure 6) The quantities 6N(p0) and énl(K) were also
determined by taking the "weights" into account (see [Ref. 6]).
3. Discussion Of Results

Iet us briefly describe the results obtained. Naturally, the main prob-
lem is the recurrence of the ionosphere properties discovered and the subse-
quent verification of them. In partlcular, this w1ll be accompllshed after
the results derived from observations on "Elektron-1" and "Elektron-3" have
been processed. It is also important to examine the experimental data
obtained by other methods, and to determine the relationship between the
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described results and any other type of ionosphere phenocmens which are anti-
cipated, or which are already known. This will make it possible to explain
them more fully. It is advantageous to point out the following facts,
based on the considerations given above.

1. TIf for any reason - particularly, the reasons given below -
there is an excess amount of electrons, as compared with the nonperturbed
value of Np, in definite local regions of the ionosphere for brief periods
from time to time - or, let us say, i1f there is a bunching of electrons in
one region, and an evacuation of electrons in the region adjacent to it, in
two regions simultaneously - then this spatial law can be observed during
long measurements. In this sense, it can be assumed that the dependence
Nc(z,t) produces a local variability in the electron concentration, which
has a constant influence in terms of altitude, but which does not necessarily
have a constant influence in terms of time. Thus, i1f the regions of Nb(z,t)
maxima are caused by an influx of electrons into this portion of the iono-
sphere from other ionosphere regions which are far away, then the nonper-
turbed distribution of No(z) - which is primarily observed during an
individual rapid measurement of altitudinal dependence - can closely coincide
with a curve which is tangent to the minima of Né(z,t) (curve b in Figure 5)

If the maxima and minima of Nc(z,t) are interrelated and are caused by
redistribution of a quantity of particlesin adjacent regions - or, for
instance, if they are caused by the fact that the recombination velocity
increases in one region and decreases in another region ~ then the nonper-
turbed dependence of No(z) can be apparently described by the curve a in
Figure 5, or by the curve shown in Figure 6.

2. It is possible that the quasi-periodic nature of the change in
Nc(z,t) in the outer ionosphere is caused by the fact that the plasma oscil-
lates from time to time in the region under consideration, longitudinal 1
plasma waves arise, and standing waves having a length of 120-160 km are
established between the two regions, playing the role of "reflecting bound-
aries”. One of such "walls" may be, for example, one of the regions of temper-
ature minima in the lower ionosphere, where the temperature gradient dT/dz
greatly increases and changes sign. As is known, tidal phenomena in the
ionosphere, caused by the force of gravitation of the Moon and the Sun
(Ref. 12), can be explained by the influence of these'walls”. It is possible
that in the case of z ~ 1000 — 1100 km the "reflecting boundary" from above
ig the region where a rapid change in the ionosphere composition is observed
on the basis of recent data ~ the conversion from atomic oxygen initially to
helium and then to hydrogen. The mass of the particles changes by a factor
of 16, and this means that there is a large gradient of the mean thermal
velocity of the particles dvi/dz. The total number of "nodes" and "anti-
nodes" must naturally depend on the nature of the "oscillation" of the
plasma between the walls, as well as on the structure and thickness of the
"reflecting walls" and other conditions. Waves of this type must have a
hydrodynamic nature, since their length A =~ 120 — 160 km is approximately
100 times greater than the mean free path of ions in this region of the
ionosphere. The frequency W of the electron fluctuations of these waves
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1
e 2&
4 me )20r can lie within the

region (wp = uﬁ) where Wy is the gyrofrequency of electrons.

can be similar to the plasma frequency Up = (

However, there is another possible explanation of the curve for Nc(z,t).
For example, let us assume that the plasma is excited from time to time in
definite ionosphere regions which are loecalized in terms of latitude and longi-
tude, primarily at low altitudes, and that rapid electrons are generated.
Then, being channeled along the force lines of the Earth's magnetic field,
these electrons form the "zonal" structure of the ionosphere. The vertical
cross section of such a "tubular" structure can lead to the altitudinal de-
pendence of Nc(z,t) which is obtained.

3. The scheme given above, which has been presented in order to illus-
trate a possible explanation of the dependence of Nc(z,t) described above,
as well as the majority of other similar hypotheses, assumes as we can see
that the observed dependence of Nc(z,t) is due to a perturbation of the ion-
osphere plasma, the excitation of plasma waves in it, the appearance of
rapid electrons in these regions, and similar effects. Therefore, it must
be assumed that the altitudinal-time distribution of electron concentration
which is obtained is accompanied by a local disturbance of the balanced
Maxwell distribution of electron velocities, by an increase in theilr tempera-
ture, ete. Iocal heating of the plasma as a whole can even be expected. The
concentration of positive ions can change very little. Finally, the quasi-
neutrality of the plasma is disturbed, an electric field is formed, and
currents and other effects appear. Thus, for a future analysis of the dis-
tribution of Nc(z,t), and for verification of the fact that it occurs regu-
larly, the compilation of scientific information is necessary, and i1t must
be determined whether this type of effect with a corresponding altitudinal
distribution - or in local icnosphere regions in general - is observed in
a different type of ionosphere research using AES.

L. As we have seen above, when experimental data are processed, a
formula is employed in which the component describing the integral effect of
the electron concentration gradient in the direction normal to the incident
plane is excluded. In the flat approximation, this component of the differ-
ence in the Doppler frequency shift is

z

. [
: o /1 1 ye (N _ 5.
5‘”u~7‘\7;§‘;{>}? ) ay 2 (10)
(see formula (4) and (5) as well as the work [Ref. 5]). ILet us now assume /136
that the quasi-periodic changes in N.(z,t), calculated according to the
"shortened" formula (5), are caused by the fact that the component (10) has
not been taken into account. The electron concentration gradient ON/dy must
then be an alternating function depending on altitude, and must change accord-
ing to oscillations of the curves for N, z,t) (see Figure 5). Iet us now
assume, for purposes of brevity, that the real desired dependence of the
electron concentration is the curve a, and we readily find from the observa-
tional results that the electron concentration gradient over every 60-80 km
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changes on the average within the limits:

011\1 = -—2).10% electron cu™ - mu™". (ll)

ey

This is a very strong effect! As we can see, it then leads to the assump-
tion of a strato~quasiperiodic structure of the processes in the outer
ionosphere. In particular, it also leads to the assumption of the presence
of a complex type of horizontal waves or streams in the plasma, as well as
similar phenomena, i.e., to the assumption of ionosphere properties which
have been unknown up until the present.

5. The smoothed-averaged dependence of NcZz,tj and the curves for the
equatorial region of North America (Iima in Peru) and north of the equator
(Singapore) (see Figure 6) draw attention to the following facts:

In all three curves, a rapid increase in the logarithm inclination of
the electron concentration 1gN can be readily seen in a certain altitudinal
region, which can be noted in Figure 6 by the tangents to different branches
of these curves. If it is assumed per minute that N(z) ~'Nbexp(—z/H), where
H= kIVMg is the given altitude, then this change in the inclination of 1gN
directly points to a rapid change in the ratio of temperature to ion mass
IVM. It is found for Moscow, Peru, and Singapore that IVM increases by 9.5;
6.8; and 6 times, respectively. At the present time, it is known that above
1200-1400 km the ionosphere primarily consists of atomic hydrogen, and at
altitudes of L0O0O-600 km - of atomic oxygen 0;. This means that the inclina-
tion of the curves for N(z) will change by a factor of 16, if the temperature
remains constant. The pattern of these curves thus indirectly indicates not
only a significant decrease in the mass M above 800-1000 km, but also a rapid
temperature increase. It is apparently correct to assume the disturbance of
balanced Maxwell distribution of the particle velocities, and an intensifica-
tion of the "tail" role. However, a comparison of these curves callsatten-
tion to a very significant fact. In different cases - i.e., at different
periods of time - the regions of a rapid change in the inclination of the
curves for 1gN(z) occur at different geographical points - i.e., changes in
the composition and temperature of the ionosphere occur at different alti-
tudes (according to Figure 6, for z as 700, 900 and 1200 km, respectively).
This is a new piece of information which, apparently, can be extracted from
a similar type of analysis of the asymptotic behavior of the smoothed depen-

dence Neo(z,t).

It should also be noted that in the altitudinal region of
7 az 1200 — 1800 km the electron concentration changes within the 1limits of
(l - h)'lO4 em ®. Similar values were also obtained in (Ref. ll) for the
concentration of positive ions on rockets in 1961, during the night time at
Blue Scout 28 W’ (see Figure 6). However, all of these data exceed the concen-
tration of positive ions at these altitude by a factor of approximately 10-20;
these concentrations are given in the work (Ref. 13). This disparity provides
not only a quantitative, but also a qualitative, refutation of the rapid
change in the ionosphere composition - the conversion of atomic oxygen to
atomic hydrogen. We shall assume that this disparity is related to an error
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in the data given in (Ref. 13) (see [Ref. 1L4]).
6. The spectra of W(po) have the following characteristics.

At all altitudes and at all points there is an extensive and clearly-
expressed maximum in the p, ., ~ 15-30 km range (see Figure 7). This /137
wide maximum of p, encompasses two maxima regions pypsy = 16-18 and 28-32
km, discovered previously at low altitudes 2z, ~ 250-430 km by means of
the AES "Kosmos" (see [Ref. 3, 5]). Apparently, two maxima merge into
one at these altitudes in the outer ionosphere. The distribution of W(pg)
also has the maximum Py, =~ 7-10 km. It is not clearly expressed. In
addition, it is observed on almost all curves of W(pg).

In regions of very small p, the well-known tendency of several nonuni-
formity dimensions to increase in the vicinity of ppgax ~ 2-4 km is clearly
expressed. It is very important that at altitudes of z, = 800-1200 km,
and when z. > 1200 km, the nonuniformities pgy < 5-6 km practically dis-
appear, in general. The result obtained in Sverdlovsk comprises an exception
to this. However, a more detailed analysis of the experimental data for
Sverdlovsk shows that the values of pg < 5-6 km, in the case of z. = 800-
1200 km,were only observed for a few days, when there was an unusually
large number of nonuniformities which were small in size. The fact is not
excluded that these observational periods correspond to certain conditions
of ionosphere perturbation. However, we have not yet clarified the criteria
for such perturbations. let us say,the excitation of a small number of non-
uniform formations.

7. The distribution of p, dimensions in terms of longitude shows (see
Figure 8) that the number of nonuniform formations is not the same at dif-
ferent longitudes. There are geographical regions where it increases sig-
nificantly. Thus, for example, in the X = TO®E region the distribution of
small nonuniformities pgy £ 6 km and of large-scale nonuniformities
Py &~ 100-L0OO km has a clear maximum in the case of z. = 400-800 km. At
an altitude of z, = 800-1200 km the distribution of Po is different.

8. Disturbance of the electron concentration SN in the nonuniformity
dimension range of Py = 6-50 km is observed in 22% of the cases for small
values of SN ~ 0.005 and, decreasing, it equals 1-2% for 8N = 0.5 (see
Figure 9). There is thus a certain maximum for &N = 0.05-0.15. Small non-
uniformities po £ 6 km have, in the case of z, = 400-800 km,a more clearly
expressed maximum for 6N = 0.08-0.35. These maxima may possibly point to
a certain regular mechanism in the excitation of nonuniform formations. In
certain cases, values of 8N 2 1 are observed. In our experiments, such
large disturbances of the electron concentration were determined for 30 non-
uniform formations out of a total number of 1100, for which the values of
0N were calculated. In these cases, the electron concentration Ngqeo changed
within the limits of +(0.5-1.7) Ny and -(Q5-1.7)N,, i.e., strong disturbances
of the electron concentration occurred. They correspond to values of
Po ~ 2-10 km and altitudes of z, = L00-800 km.
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CERTAIN RESULTS OF IONOSPHERE STUDIES USING ARTIFICIAL
EARTH SATELLITES AND GEOPHYSICAL ROCKETS

V. A. Misyura, G. K. Solodovnikov,
Ye. B. Krokhmal'nikov, V. M. Migunov

The present article presents the results derived from radiophysical /138
studies of the outer ionosphere using AES "Kosmos-11", "Electron-1" to a
certain extent and geophysical rockets. The method employed measured the
difference of Doppler frequencies at coherent frequencies, as well as the
method of recording the so-called rotational Doppler effect (Faraday effect)
at fixed frequencies simultaneously at one or several points.

Method For Processing Measurement Results

The difference in the Doppler frequency shifts of two coherent radio
waves ¢, emitted by the AES, and the frequency (velocity) of rotation of the
radio wave polarization plane in the ionosphere, caused by the Faraday effect
@F’were determined directly from the experiment.

When the dependence of the refraction coefficient of the ionosphere
n(ng =1 + a) on three coordinates and time in the first approximation with
respect to the magnitude of o are taken into account, the expressions for
them, and also the expressions for the integral quantities ¢ and ¢ pcorres-
ponding to them, have the following form (Ref. l%:

- R R
Ad v.p da .
—_j'(‘:“BvR—l_T?—S VTOcIUTBxldxl“'Fg delv (]_)
b 0
2 R
_ v. d {ab;)
-_— 27\4(D F'—_—“ CLB bLB UR _[{i‘}g \77 (a‘bL) ‘Il‘tB %1 d'—(:l + % 0£L d??]_: (2)
A 1UR 4,0 0
o 4,03 R
,ZT‘(;[)_—_ALZE—:}ocdx1=—~—~~/2—1VoL, (3)
A - .
. - b, .
(DF=%;;—E OLNOL_‘”]_?'(D‘ (he)

The following notation is introduced here: R - distance from the emitter to
the receiving point; vg and v, - radial emitter velocity and emitter velo-
city which is transverse to the radial direction;

R
ob da:;
8,06V 5_§ SR /2
—‘_Tr L~ "R 1 L——7—,
SOLd(L’l

0
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£ and f. - working frequency and longitudinal components of gyrofrequencg 4139
in Mas IN - electron concentration of the ionosphere in electrontcm ~ 10" ;

AL - phase lag of radio waves; Nop, - total number of electrons in a tube of
unit cross section along the line of observation; k - coefficient depending

on the relationship between emitted frequencies; the index B pertains to the
emitter.

X

Figure 1

The coordinate system shown in Figure 1 is utilized here (the X, axis
is directed along the tangent to the line of observation at point A).

Expressions(l) and (2) can be rewritten as follows:

AD .
R T %u¥r "’n] (5)
'—}v(—.DF =" alibLR UIE = —B [1 (6)

The values of I and I, can be clearly determined from (l) and (2). They
characterize the distribution of electron concentration gradients which are
transverse to the line, as well as the nonstationary nature of the
ionosphere.

In the case of a stationary ionosphere, the expressions for ¢ and ép
have the following form:

A
T = OV, = apv, cos6; (7)

— A =
Mg = opby oy == oby vy, 00s0. (8)

Here vip is the projection of the emitter velocity on the line; ¢ -
is the angle between the line and the radial emitter velocity at the
point where it is determined.

Comparing the equation (5) or (6) through the time interval At, in
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which ag and I can be assumed to change very slightly as compared with the
changes in vR and v_p, one can subsequently solve (5) and (6) by pairs
with respect to ap (or NB) and I. A solution of each pair of equations
determines the average (over the time interval at) value of the local elec-
tron concentration Np and the interval I successively along the orbit.

For a stationary ionosphere, the local electron concentration can be
determined directly from (7) or (8). However, the fact must be taken into
consideration that in the region of the parameter point (where VR = O),
formulas (7) and (8) are unsuitable, since in this case the quantity ¢
(and, correspondingly, @F) is primarily determined by the integral term
V1B

().

If the difference frequency 6 is measured directly, one can determine
the integral gradient of the electron concentration Nyr along the line
(Ref. 2). The expression for the gradient is determined by differentiating
expression (3) with respect to the orbital element ds = vdt, where v - {lho
1s the satellite veloclty:

] ’ I) .
o o= . (9)

The behavior of the gradient as a function of the satellite observa-
tional time (and, consequently, as a function of the geographical coordin-
ates) makes it possible to a certain extent (particularly when the depen-
dence NB(t) is present at the same time) to formulate a judgement regarding
the structure of the entire ionosphere stratum below the satellite (Ref. 1-3).

e quantity ¢ obtained from the experiment can have both a regular,
and. a nonregular component. The nonregular component is caused by nonunl-
formities of clectron concentration in the ionosphere, primarily those which
are located along the satellite orbit (Ref. 3, 4). Therefore, it is possi-
ble to determine the nonuniformity dimensions by plotting F(t). The same
statement can be made with respect to the quantity ¢p. Histograms of iono-
spherce nonuniformity dimensions were constructed from a large number of
recordings, and their dependence on the time of year, the time of day, the
cycle of golar activity, etc. was determined.

If ¢ and % are measured simultaneously in the altitudinal region of
the emitter zp, by means of (ba) it is possible to determine Ny, as a func-
tion of zp in this altitudinal region, as well as the "mean" vertical profile
of the icnosphere as described below.

The method employed to determine the vertical profiles of the electron
concentration for a regular ionosphere, the horizontal gradients of these
profiles, and the altitudinal distribution of the integral electron concen-
tration gradients is briefly as follows (Ref. 5).

The recordings obtained at two or more points which are spaced apart
are employed. The indeterminacy in determining the total number of elec-
trons along the line (Ngp,) is eliminated by employing the angle ¢p for the
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polarization plane rotation caused by the Faraday effect, or by employing
the value for the phase difference ? measured at coherent frequencies. In
order to do this, it is necessary to record the Doppler and Faraday effects
together. If only one quantity is measured, when data are available on the
vertical sounding of the ionosphere the problem of indeterminacy is solved,
if the emitter orbit intersects the ionization maximum.

The total electron concentration in a vertical column Ny, up to the
altitude zp where the geophysical rocket is located, above the point P
(Figure 2) lying somewhere between the observational point A and the take-
off point of the rocket, is as follows:

B

No= NosinBy— \ 1 (2) (Sp—$) N () da. (10)

0
where Y is the "current" horizontal gradient of the electron concentration;
Sps» S - the arcs read off at the level z from the vertical, which is drawn
at the point A, to the vertical which is drawn at the point P (the arc A'P'),
and up to the points-at which the arc intersects the inclined line (the
arc A'T); sin Bp is determined by the expression

zp
S Ndz
sinB'Bng—, (11)
S Ndz
sin 3’
1]
where N is the electron concentration at the altitude =z. »

Iet us s=lect the point P at a distance(rA®P) from the observational
point to the Earth's surface which makes the second component in (10) equal

zero. This distance is determined by the expression /1h1
B
[ 1@ s@E NV E) e
op=tp : (12)
s v (2) rN (z) dz

0

When the quantities p, sin B'B and'BE,are calculated, the iteration
method is employed (see [Ref. 5] for greater detail)- If - in accordance with
experimental data - the fact is taken into account that the horizontal gradi-
ent of the vertical profile of the ionosphere is caused primarily by an ex-
tended horizontal gradient in the region of the maximum ¥, then the following
approximate expression can be employed for the first step of iteration:

1) =Yu"w,, (12a)
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where YM and Ny represent the electron concentration gradient at the alti-
tude of maximum and minimum electron concentration, respectively.

Zy

Figure 2

If (12a) is taken into consideration, expression (12) can be rewritten
in the following form:

Z.B

J roNz(z) 9z
0

Z.U

§ rve(z) 0z
0

Pp =

A numerical calculation shows that ©p, sin B'B, bI'are insensitive to the
ionosphere model of (Ref. 5).

Tet us obtain two series of values wE(OPl, ng), as well as the values of
Nop , Po corresponding to them, as a function of the rocket altitude zp for
both observational points. In addition, let us differentiate both series of

values for N with respect to zn, and let us obtain the corresponding
0P, Pg B
series N .
Pl }PE

The mean "equivalent” electron concentration gradients of Y at the [1h2
corresponding level zBl can be determined from the expression

 (5n) Np,(ep) —Np,(2p)
Zp)= -, o ,——~ e,
FAEB AY (31;1,) Ny, (:“i)
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The values of Y(ZBi) make 1t possible to obtain the approximate vertical

profiles in any vertical cross section between A and B, taking the gradients
Y into account.

With values of NOL(ZB) obtained only at one point, it is possible to
determine certain "equivalent" vertical profiles N(ZB) making use of the
relationships

7

Ny (zy) = Nopsin 3

AN, (z5)
N(zp) = —3 "

where sin B', is determined from (ll). The gradients Y and Yy cannot be de-
termined in This case.

Measurement Results

Observations by means of the AES "Kosmos-11" and "Elektron-1" have made
it possible to determine the local electron concentration Np along the sate-
1llite orbit. For purposes of illustration, Figure 3(2 = 6 ~ 300 km, ZM =
= 276 km, fope = 5.1 Me) presents a typical graph for %%e dependence of NB on
the satellite flight time, calculated on the basis of recordings of the dif-
ference ¢ in the Doppler effect at coherent frequencies, at two points which
are approximately 700 km from each other. Both curves closely coincide,
which points to adequate accuracy in the results obtained. The dashed line
represents the magnitude of Np, calculated with sounding data in the approxi-
mation of a parabolic-exponential ionosphere model.

Based on the localzlectron concentration calculated in this way, an iono-
sphere profile was constructed for up to an altitude of 2000 km (Figure M),
which represents a projection on the vertical of the mean (for several mea-
surements) lonosphere profile along the satellite orbit. Naturally, it is not
adequate for a vertical profile when there are horizontal gradients N (latitud-
inal and longitudinal, regular and nonregular).

A section in which there was a non-monotonic pattern of electron concen-
tration was discovered above the F2 layer, which is located at an altitude of
about 600 km and has an electron concentration at a maximum of 0.5-0.8 from
NMFB'

At one time it was pointed out in several works (for example, [Ref. 6])
that sometimes a relatively high ionization level is observed at an altitude
considerably exceeding the altitude of the F2 layer, in the case of a very
diffused lower portion of the F2 layer. This was observed during vertical
soundings of the ionosphere. The possibility is not excluded that this
entire set of observations polnts to the presence of a new lonosphere layer
above the F2 region (see also [Ref. 3, T, 8]).

The total number of electrons in the ionosphere, calculated according to

190



the profile in Figure L4, exceeds by a factor of approximately 2 the value
of Np obtained according to the parabolic-exponential ionosphere model.
Calculations of N, up to an altitude of 2000 km, directly from the profile
in Figure 4 and from the concurrent solution of the equations for & and &
(Ref. 5) or (L4a) for 3 and @F, provide similar values, lying within the F
errors of the methods employed (Ref. 1, 2, 5) (less than 10 - 20%).
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d
Tt is also interesting to calculate the gradient Fg Ngp, of the total
electron concentration between the observational point and the satelllte
Figure 5 presents the typical pattern in time of the gradlentszf_ NOL for

the diurnal (a), morning (b), and nocturnal ( ) satellite flights, respec-

tively.

The values of Pg and R for these flights are given below:

hours minubtes seconds BB R, km
for a: 13 3 3O 8 453.h
13 L 26.5 511,5
13 L 30 19,2 656.2
for b: 6 29 30 22°.7 |10hk.6
6 30 29.5 854.2
6 31 55.2 529.3
6 32 70,2 Lh6. 8
6 33 32.6 701.6
for c: 3 25 14°.5 |1547.k
3 27 15.7 |1ke2.8
3 28 1h.h |1550.2
/1L
ot “ 10} b c
g 40+
[&]
L 20f i
5 o Gk
.S)l 0 1 1, I 1 J 1 1 4,0‘
2. /3N g3™ 4™ ghag™ g™ Jg™ gam
D 42
N I ((7 20}
Ny g6+ ;
3§_J0,_ 2™ 2™ a™ 2™
_/” -
40t ' K
-50r K ~4g b
s AN

Figure 5

It can be seen that the tendency towards "quasi-periodic” nonregular
changes in NoI,With a relatively large amplitude is more apparent for daytime
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flights than it is for morning and nocturnal flights. The impression is
gained that this type of "quasi-undulation" of the entire ionosphere stratum
under the satellite - or the very predominant contribution to Ny of the-
jonization of the largest "single layer" or "few-layered" nonuniformities,
which are located under the satellite -~ corresponds to this. During morning
flights (Figure 5, b) the ionosphere had a cloudy-random structure beneath
the satellite and in the vicinity of it.

During the nocturnal hours, the satellite passed to the east of the
observational point, from the west to the east, intersecting the transition-
al region between the "nocturnal" and "diurnal” ionosphere. In these cases,
the magnitude of NOL(t) dropped sharply (Figure 5, c).

7. %

JW{
i 7859 1962 —L 7964
l 71000 n=1500 77400
-
w -
7 g 60 20 ng 0

Figure 6

Histograms for the nonuniformity dimensions d (Figures 6, 7), based /15
on all of the satellite flights which we have observed, were constructed for
different phases of solar activity and a different time of day. Twc stable
maxima were observed in the 15-30 and 150-190 km regions. It was our impres-
sion that the dimensions of large-scale nonuniformities change to a lesser
extent with a change in solar activity, than they do with a change in the
time of day. The second maximum appears during the transition from night time
to day time, it exists in the day time, and disappears at night. The mean
quadratic deviations in the electron concentration of large nonuniformities
in the F2 ionosphere region closely coincide with their dimensions, but do
not coincide as closely with the regular values of electron concentration at
the corresponding level of the F2 region.

In Figure § curves L and 1 express the vertical profiles of the electron

concentration in the ionosphere, obtained by means of a geophysical rocket
(GPR) at frequencies of 48 and 14k Me, during a vertical launch in the day
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time on October 18, 1962, at mean latitudes in the Soviet Union (Ref. 5).
Curve 4 represents the vertlcal profile above the first observational point,
and profile 1 is the "mean" proflle over the take-off point of the GPR.

Curve 2 characterizes a certain equlvalent profile of the ionosphere

between the Ohservational point and the take-off polint of the rocket, ob-
tained according to observational data of GPR signals at only one polnt.
Profile 3 was obtained from the vertical soundings of the ionosphere at /146
several points, scaled to the take-off point of the GPR.
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Figure 9 shows the normalized profiles obtained during different cycles
of solar activity. We obtained curve 1 from the launch of a CGPR in October,
1962, in the period below the mean solar activity.
K. I. Gringauz and V. A. Rudakov during launches
during maximum solar activity at the same latitudes (Ref. 9). Curve 5 was
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Curve 3 was obtained by
of GPR in October, 1958,
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obtained by Ya. L. Al'pert based on signals from the first AES (Ref. 10).
Profile 4 was obtained (Ref. ll) from the signals of the third AES in
Khar'kov during the summer seasons of 1958-1960, primarily during the day-
time. Curve 2 was obtained from AES "Kosmos-11" signals in October, 1962
(Ref. l).

Figure 9 illustrates the tendency of the ionosphere to "flatten'" during
the period in which solar activity decreases, which has been observed previ-
ously by several authors (Ref. 1, 3, 5, 12, 13)-
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IONOSPHERE STUDIES BY RECEIVING AES RADIO EMISSION ON THE EARTH

L. M. Yerukhitov, N. A. Mityakov, E. Ye. Mityakova

Beginning in 1961, research was carried out on receiving AES radio

signals in the 20-90 Mc range in order to study the regular structure of
the ionosphere, large-scale nonuniformities in the electron concentration,
and small-scale ionosphere nonuniformities. The main results derived from

196



this research have been compiled in the form of articles (Ref. 1-7). 1In
addition, the preliminary results derived from measurements by means of
the AES "Elektron-1" are presented below.

1. The regular structure of the ionosphere was studied by measuring
the phase difference in signals of coherent frequencies of 20 and 30 Mc
("Blektron-1" and "Elektron-3") and 20 and 90 Mc ("Kosmos-1", "Kosmos-2"
and "Kosmos-11"). This was also done by studying the polarization fading
of a signal at a frequency of 20 Mec (Faraday effect). The method employed
in processing the experimental data is presented in the works (Ref. 1L, 2, L).
The phase difference of signals having coherent frequencies ¢ is proportion-
al to the integral electr%n concentration on the propagation paths of the

radio waves - i.e., ® = A Ndr. Thus, changes in the phase of ¢ are
o)

caused both by a change in the distance to the satellite, as well as by a
different condition of the ionosphere on the propagation path of the radio
waves when the satellite is in motion. For a flat Earth, we have

ZC 1 ZC l ZC

D =Asccp \Ndz; =4 ((;Lscc o K Ndz + sccq)ﬁ K Ndz) ;
0 0 1]

2¢ 7

q ) ; r " .::
LU Ndz = Nezo + % g ~—zdz.
dr Zc .,

i 4]

As can be seen from the latter expression, it is not possible to dis-

tinguish the contribution which is made to the quantity ¢ by the temm zolNas

which determines the local electron concentration, from the contribution
.z
*c 7 oan
made by the term P r = Z dz, which depends on the horizontal electron con-
¢ o
centration gradients. The situation remains the same when the sphericity of
the earth is considered (Ref. 2). Therefore, the method of coherent frequen-
cies makes it possible to obtain information on only the quantities
Za Zn
j N dz and é% J Ndz. The electron concentratign at the satellite altitude
o o c Zm

N, can be estimated by comparing the quantities | N dz and [ N dz, where Z

o) Z o
is the altitude of the F layer maximum. The quantity f N 4z cer be obtained/148
o
by processing the recordings of Ehe phase difference in signals of coherent
m

frequencies, while the quantity j N dz can be obtained from the altitudinal-
o

frequency characteristics of the ilonosphere. In the case of a circular sate-

1lite orbit(zc a 0) the recordings of the phase difference in signals of co-

herent frequencies make it possible to obtain information regarding regular,

horizontal gradients of the electron concentration in the ionosphere.
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Processing of polarization fadings ¥ of AES radio signals entailed similar
difficulties (Ref. k).

The works (Ref. 3, L) present the main observational r%sults of
c

"Kosmos-1", "xosmos-2", and "Explorer~-7" AES. The quantity JJ N dz

o
changed from 0.1 to 1.7~1013 electron‘cm-e, as a function of the satellite
altitude and the time of day. A comparison with the data from vertical
sounding makes it possible to obtain the index of the exponent # on the
assumption that the electron concentration above the F layer maximum
decreases according to the exponential law. The mean value 1s
# ~ 6.2:10"°km™" during the daytime, which is somewhat higher than the
value of A« x;3.5-10'3km-1 which was assumed previously. It should be noted
that the NIRFI measurements pertain to years which are close to minimum
solar activity. Data have also been obtained on the regular horizontal
gradients of electron concentration in the ionosphere. The quantity

&4

. ON 4 -

j 3 47 represents +10" electroncm ®, yhile the morning satellite flights
@]

correspond to positive gradients, and the evening flights - to negative gra-
dients. It is im%ortant we compare the contribution made to the quantity

x c
- a].\T . 1 ik
¢ by the term < f % 2 dz for AES orbits of the "Kosmos-1" and "Kosmog-2"
c o

type. The contribution made by this term frequently exceeds the contribution
made by the term with N.z..

During February-March, 1964, observations were performed on the AES
"Elektron-1" radio signals at coherent frequencies of 20,005 and 30,0075 Mc
in order to determine the +total electron concentration in the ionosphere.
Observations were performed at two points. Approximately 80 phase recordings
were obtained in all. At the present time, almost 9 recordings from zenith
flights of AES over Gorky have been processed, and va%ues have been obtained

c
for the total integral of the electron concentration f N dz up to the
o)
satellite altitude. Based on data from an ionosphere station for vertical
sounding (the town of Gorky), the profiles N(h) of the ionosphere have been
Zm
calculated on an electronic computer, and the quantities J N dz (zm -
o]
altitude of the F layer maximum) have been determined for time intervals
coinciding with the satellite flight time4(above the town of Gorky). A
comparison of data from the AES with the data from vertical sounding makes
it possible to obtain the index of the exponent #, for an exponential model
of the upper portion of the F layer, for each revolution, as well as the
electron concentration at the location of the satellite. All of the values
obtained are presented in the table. The mean value of the exponent index
is # = 6.2°107km™, which closely coincides with the theoretical model of
the Earth's diurnal ionosphere during a period of low solar activity (Ref. 8).
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The rather sharp drop in the electron concentration above the F layer /149
maximum (the electron concentration decreases e times when the altitude
changes by l/n ~ 160 km) apparently continues up to an altltude of about
700-1000 km, where the electron concentration is N, ~ 10* electron‘cm
Beyond this point, the rate at which the electron concentration changes with
altitude decreases significantly. Data on Nc at altitudes of z - 2000 km
are presented in (Ref. 9)

Z

C
Date Time ze, km  NAz-107'°, ne10°
(1964)  Hours, Minutes 0 _,
electron-cm
o/21 12 36 429 0.96 .3
2/27 15 28 786 1.23 7.4
3/2 15 24 858 1.1 5.4
3/7 13 56 721 1.59 5.6
3/9 13 s5h 753 1.05 5.75
3/10 9 32 410 0.765 10.5
3/11 13 53 790 1.56 5.05
3/12 9 30 413 0.8 5.4
3/13 13 53 823 1.29 6
2. A study of large-scale ionosphere nonuniformities LB@E;_jL_jl- Non-

regular changes. caused by large-scale nonuniformities in the ionosphere were
clearly apparent, along with regular horizontal gradients of electron concen-
tration, in the recording of phase difference of signals having coherent
frequencies. 'The dimensions of these nonuniformities fluctuated from several
kilometers up to several hiundredsof kKilometers. For nonuniformities having
th% dimensions of 1 -- 100 km, the magnitude of the gradients

RN

Sy T dz o 10" electrontem - does not depend, on the average, on the non-

“,

uniformily dimensions. On the other hand, in the case of 1 <~ 100 km the
Z

C
) T LN . . . .
magnitude of J 3; dz increases on the average with an increase in 1.
o

The problem of measuring the parameters of large-scale nonuniformities
and the integral electron concentration of the regular ionosphere was studied
by measuring the phase differencesof coherent frequencies and polarization
fadings in antennae spaced widely apart (Ref. 5). It was found that simul-
taneous measurcments on antenna€ spaced widely apart make it possible to
%1arify the cogtribution of horizontal gradients in the quantities

c

| Naz and gz , Ndz. 1In the approximation of a flat Farth, the shift
o} O
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between the Faraday fadings of the signal received at two antennaelocated
in the direction of the magnetic parallel is fully determined by regular
and nonregular ionization gradients. This makes it possible to determine
the magnitude of the regular and nonregular gradient in this direction.

3. Small-scale nonuniformities of the ionosphere (Ref. 6, T). Small-
scale nonuniformities have been studied in the city of Gorky since December,
1961, based on recordings of the flickers of AES signals from "Explorer-T',
"Kosmos-1", "Kosmos-2", "Elektron-1", "Elektron-3", at a frequency of 20 M,
from three antennae spaced widely apart. The altitude and dimensions of
nonuniformities causing radio flickers were determined, and also the most
important morphological characteristics of the nonuniformities were analyzed:
the diurnal variation, and the relationship to ionosphere and magnetic /150
perturbations. The method consisted of measuring the altitude of the non-
uniformities by measuring the time shifts between similar fluctuations in
the antennae spaced widely apart, and this method is described in (Ref. 6).
The horizontal dimensions of the nonuniformitieS(l &;fg Vb, where V, is

z

the horizontal component of the satellite velocity) were determined according
to the specific altitude of the nonuniformities zy and the fluctuation dura-

tion AOt.

On the basis of these measurements it was found that small-scale
nonuniformities have a sharply-expressed diurnal variation, with a maximum
at night. During the nocturnal hours, the nonuniformities are observed in
a significant portion of the F layer up to 500-600 km. They were recorded
most frequently at altitudes of 250-350 km. On the average, the altitude
of nonuniformities causing the observed fluctuations is located close to
the F2 layer maximum. On this basis, it can be shown that the decrease in
the number of nonuniformities recorded at high altitudes during the night is
notonly determined by a decrease in the degree of ionosphere nonuniformity
AN/N with altitude in the region of these scales, but also is primarily
?etermi3ed by the mean altitudinal profile of the electron concentration

Ref. 7).

The dimensions of the nonuniformities are primarily on the order of
1-2 km. During periods of ionosphere disturbance, nonuniformities with dimen-
sions of 200-600 m are also recorded. Quite frequently the nonuniformities
are localized in restricted regions of the ionosphere, with horizontal dimen-
sions ranging from several tens of kilometers up to several hundreds of kilo-
meters. In several cases, the focusing effect of refracting nonuniformities
is recorded, leading to a significant increase in the level of the signal
received. These nonuniformities are primarily located at altitudes of 250-
350 km.

Small-scale nonuniformities are observed less frequently during the day-
time hours.As the results of the recordings from the "Elektron-1" signal have
shown, during the diurnal hours nonuniformities located at altitudes of 100-
200 km are observed, in addition to nonuniformities with an altitude of
zy ~ 200 — 300 km. In two cases (March 5 and March 23, 1964) when
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magnetosphere storms were observed, the altitudes of zy exceeded 300-350 km.
At altitudes of 100-200 km, the nonuniformity dimensions are on the order
of 1 km. At altitudes of 200-300 km, nonuniformities were observed having
dimensions ranging up to 4-6 km, as well as up to 400-600 m.
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BRIEF SURVEY OF THE RESUILTS OF PHYSICAIL EXPERIMENTS ON THE
SATELIITE "KOSMOS-2" IN THE IONOSPHERE

V. V. Afonin, T. K. Breus, G. L. Gdalevich, B. N. Gorozhankin,
K. I. Gringauz, R. Ye. Rybchinskiy, and N. M. Shyutte

On April 6, 1962, the satellite "Kosmos-2" was launched into orbit /151
at a 49° angle to the equator, with a perigee of ~ 212 km and an apogee
of ~ 1546 km. Most of the experiments on the satellite pertained to
ionospheric research. Other experiments Gncluding, for example, a study
of the photo-emission of electrons under the influence of solar ultravio-
let radiation and changes in this emission along the satellite orbit) were
related to this research. In addition to a telemetry systen,
operating in direct radio communication with receiving stations on USSR
territory, the satellite carried a memory system which stored the data
from a number of measurements over the entire orbit and which reproduced
the stored information when the satellite passed over the vicinity of the
radio receiving stations. The measurements connected with a portion of
the experiments were reproduced only in the sectors of the satellitel’s

orbit where there was direct radio communication with the Earth (i.e.,
the experimental results were not stored).

As is known, the concentration of charged particles and the chemical
composition of the ionosphere region at altitudes from 500 to 1000 km were
first investigated in 1958 by the third Soviet satellite. Here the ion
component of the lonosphere was studiled (using ion traps [Ref. 1J and an
ion mass-spectrometer [Ref. 2]). All the data obtained by the third satel-
lite referred to the orbit sectors illuminated by the sun.

The main objects of the experiments on "Kosmos-2" were:

a) to obbain information during a different phase of solar achivity
on the ionosphere regions explored in the third satellite; (during a de-
crease in solar activity.

b) to compile data pertaining, on one hand, to ionosphere regions not
investigated by the third satellite (more than 1000 km sbove the Earth’s
surface), and, on the other hand, pertaining to nocturnal and crepuscular
conditions;

c) to obtain data on ion temperature, using for the first time a
method involving honeycomb ion traps with a particularly narrow directional
diagram.

d) to study by sounding methods both the ion components of ionosphere
plasma (just as in the third satellite) and its electron components in
order to measure electron temperature and concentration; and

e) to use a system of flat ion traps to determine the satellite’s
orientation relative to its velocity vector.
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Figure 1

Dependence Of Positive Ion Concentration nj;
(Measured Along Satellite Orbit) on Altitude h

1 - Nonilluminated sectors of orbit; 2 - Illumi-
nated sectors; 3 - latitude w. Moscow time.
Altitude change, from left to right.

The experiments mentioned above on photoelectron emission were con-
ducted on the satellite, as well as certain methodological experiments to
determine more precisely the influence upon the measurements of several
factors, the degree of whose effect on the measurement results was not
i.e., the influence of structural features of the ion traps

and of the distance they were located from the satellite frame).
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Figure 2

Approximate Altitude Distribution Of Charged Particles At
a Period Close to Maximum Solar Activity

The lower part of the graph i1s plotted from data obtained
from one of the vertical launches of geophysical rockets
(February 21, 1958, curve 1): the upper part (from 500 km
and up) - from data of measurements in a portion of the
third Soviet satellite orbit (May 19, 1958, curve 2).
Points obtained at these altitudes at different times in
1958 from other geophysical rockets, or other revolutions
of the third satellite (3, L) are plotted close to the
curve. These points characterize ionospheric varilability
to a certain extent.

The present brief survey cannot, of course, dwell in any detall on
matters involving experimental methods or instrument design; certain in-
dispensable information on these subjects will be given in appropriate
sections of the report.

I. Distribution of Positive Ion Concentration
Along the Satellite Orbit /152

Iocal positive ion concentration was related to a number of quantities
which were measured, and the results were stored over the entire orbit of
the satellite. On the surface of the satellite there were eight, flat,
three-electrode ion traps placed, respectively, in each of the eight octants
into which space may be divided. The angles between the normals to the
external grids of any two adjacent traps comprised = 90°. The external
grids of the traps had the same potential as the satellite body. There /153
were also spherical three-electrode ion traps whose external grid voltages
varied by a bipolar sawtooth law. These traps were separated from the sat-
ellite surface Just as on the third Soviet satellite. The operating princi-
ple of the spherical traps was presented in (Ref. 3), and more fully in
(Ref. 1). The internal grids in all the traps had a constant negative po-
tential relative to their collectors, and were designed to suppress photo-
emission and secondary electron emission from the collectors.

Figure la and 1b present graphs of the changes in positive ilon concen-
tration n. along the orbit during ten revolutions of the satellite about
the Earth, based on data from the system of flat traps. The method for
processing the primary data from measurements of the collector currents of
the flat traps is presented in (Ref. ). This method is based on consider-
gtions which follow from (Ref. 5) and (Ref. 1).

20k
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We should note that, although the values of n; found with spherical
traps differ somewhat from those found with flat traps, the nature of their
varigtions along the orbit is the same.

When examining the graphs in Figures la and 1b, we must bear in mind
that, although represented in a coordinate system (h, ni), they - like any
other measurements of local concentrations made by the satellite - are not
exact representations of the altitudinal pattern of charged particle con-
centration in the ionosphere for the following reasons: (a) since the
horizontal velocity of the satellite is much greater than the vertical
velocity, such graphs unavoidably reflect horizontal nonuniformities and
latitudinal anomalies in n;, in addition to the altitudinal behavior of
45 (b) local time is also continuously changing, as well as height gbove
Earth and latitude along the orbit. It is, nevertheless, extremely inter-
esting to compare these graphs with similar ones made during maximum solar
activity in 1958.

Figure 2 presents a composite curve of the altitudinal distribution
of charged-particle concentration in the ionosphere at altitudes up to
1000 km from measurement data obtained in 1958. One peculiarity of this
distribution is the very slow drop in charged particle concentration as
the altitude increases above the main ionization peak in the ionosphere.
As may be seen from the graphs in Figures la and Ib, the reduction in nj;
as altitude increases above the main ionization peak is the same in all
the revolutions of "Kosmos-2" around the Earth - it occurs significantly /i5k
faster than the 1958 data indicate (Figure 2). The curve slope in the
unilluminated portion of the orbit changes rather abruptly at heights of
~ 600 km (Figure la). Just as sharp a steepness change is observed in the
1lluminated portions of the orbit, but at somewhat higher altitudes.

Since, according to (Ref. 6), the steepness of the altitudinal pattern
of charged particle concentration substantially depends on the mean ion mass,
it is logical to assume that the regions of very sharp curvature change in
the graphs in Figures la and 1b correspond to transitional regions, changing
from the predominance of heavy ions at lower altitudes to the predominance
of lighter ions at higher altitudes.

We must remember that there were only mass-spectrometer measurements on
the third Soviet satellite in the outer lonosphere up to altitudes of
~ 1000 km during a period of maximum solar activity (Ref. 2).

Equipment was employed with a range of ilon mass numbers from 6 to
L8 amu - i.e., He" and ions could not be registered. Although the exper-
imental results themselves (Ref. 2) cannot answer the question of whether
there were light ions (Het and H') at these altitudes, an analysis of them
in conjunction with results derived from measurements with spherical ion
traps on the same satellite (Ref. h) leads to the conclusion that at that
time 0T ions were actually predominant at altitudes up to 1000 km {(Ref. 2).
American experiments in 1960 point to the same conclusion (Ref. 7).
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Tricomponent Model Of Transition Regilon
Based On Data From "Kosmos-2"

Dashed lines - theoretical curves plotted
on assumption that oxygen and helium are

in diffusion equilibrium; n. - partial con-
centration of ions of unit mass.

If this is the case, the significant change in tThe nature of nj
distribution above the satellite orbit as altitude agbove the Earth increasdd
in the 1958-1962 period is logically to be associated with the decrease in
solar activity over this period. This decrease in solar activity cools the
upper atmosphere and lowers the heavy ion (O+) layer, and consequently
causes a transition between the regions of heavy and light ilon predominance.
This assumption is corroborated by the considerationsin the next section of

this report.

IIZ. Ion Composition of Transitonal Region
From Heavy Ion (o%) to Light Ion Predominance

As already noted in (Ref. l), analysis of the data from spherical ilon
traps on "Kosmos-2" makes it possible to estimate ion composition at alti-
tudes of 520-650 km. The volt-ampcre characteristics of these traps
permitted total lon concentration.

:nj = 1, (). (a)

j
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to be determined on the basis of the point corresponding to zero potential
of the external grid relative to the neutral plasma.

The sum of the ratios of partial ion concentration to corresponding
mass numbers could be found from the steepness of the upper linear sector
of the characteristic curve,

Wiz

%J n}; = F(h). (b)
If we assume that two types of ions are present in the ionosphere region
explored, then the solution of the system of the two equations (a) and

(b) enables us to find the concentration distribution of both components -

n, and nz. Two bicomponent, ionosphere models - those which are most
probable for altitudes of 520-650 km - were sbudied. Solution of equa~ /155
tions (a) and (b) for an assumed oxygen-hydrogen ionosphere showed that

in this case the mean ion mass my diminishes with extraordinary slowness.
This does not tally with the abrupt change in the slope of the n; alti-

tude distribution experimentally derived.

Furthermore, an oxygen-helium model was studied, which led to the
relative He' and Ot concentration distribution described in (Ref. L4).

The explanation of the ot and Het concentration distribution in this
model encounters a number of difficulities, however, if we assume that
diffusion equilibrium prevails in the region examined. At the same time
there 1s no reason to suppose that such an equilibrium is lacking, at
least for heavy ions. It may be dcmonstrated that a tricomponent model
of the transition region (O+, Hé+, and HF ions) satisfies all the experi-
mental data obtained in this region by "Kosmos—Q", and moreover the heavy
ions (0V) occur in diffusion equilibrium.

To design a tricomponent model, we must have a third equation to
supplement the system of cquations (a) ond (b). This equation may be
derived by utilizing altitude distribution n; and formuls

aon, c)nj m, g
o= e, (1)

deduced by Mange (Ref. 6) for a quasi-neutral lonosphere (ne = ni) conslist-
ing of single-charged ions on condition that T, =~ T =~ T. Assuming that
this condition is fulfilled and the magnitude of T is known, we may then
find the mean mass m4 from equation (1):

2 mans
2 = my () (c)

an

Simultaneous solution of equations (a)~(c) for the tricomponent case
can give the concentration distribution of Het, O s, and HY with altitude.
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As follows from the data in the survey reported at this conference (Ref.fﬁ,
two extreme tempersture readings - 500-700 K - may be determined for the
nocturnal hours (T, ~ T;) in April, 1962, at equatorial latitudes (the lo-
cation of the heavy-to-light ion transition region in question) and at
altitudes corresponding to this region.

Figure 3 depicts the O+} He+} and H* digtributions derived for the
tricomponent model of an isothermic ionosphere when T = SOOOK. When
T = TOOOK the distributions have the same appearance, but with the differ-
ence that transition from oxygen ion predominance to He' predominance
occurs at altitudes of ~ 630 km.

The assumption that the ionosphere was igothermic was utilized, inas-
much as (Ref. 9) - the results of which were used to estimate temperatures
(along with some other papers) - made it impossible to derive unambilguous 1;56
data on altitude temperature gradients and to judge the reliability of the
gradient values contained in it. In a nonisothermic ionosphere with a gra-
dient of ~'0.5—l° km‘l, however, an intermedigte model would be valld which
coincided at altitudes of 500 and 650 km with the extreme models calculated
for T = 500 and TOO°K.

It is to be stressed that at equatorial latitudes wvertical distribu-
tion (1) corresponds to establishment of diffusion equilibrium in a volume
in which diffusion takes place across the magnhetic field, and therefore may
give values of T distinct from longitudinal values determined from
distribution along the field. The lack of data prevented this longitudinal
distribution from being plotted for "Kosmos-2". The estimates which we did
manage to make, however, indicate that the longitudinal temperature at an
altitude of 500 km was ~ TOO-800°K.

As is shown by a comparison with the findings of (Ref. 10) which inves-
tigates precisely this longitudinal distribution, this result should not
materiglly alter the qualitative picture sketched here.

The calculated tricomponent model, just as the bicomponent one des-
cribed in (Ref. 4), indicates the existence of a region of helium ion
predominance gbove the region where ot ioms predominate. It should be
noted that there is fairly good agreement between the "Kosmos-2" ion compo-
sition results and data obtained by the Anglo-American satellite "Ariel-1"
launched at the end of April, 1962, soon after "Kosmos-2". Nocturnal mea-
surements at low altitudes by "Ariel-1" indicate the predominance of helium
ions over the other ions in the altitude region of 500-1000 km (Ref. 9).

IIT. Electron Concentration and Temperature
Measurements Using Cylindrical Iangmuir Probes
Measurements by Langmuir probes belong to the group of experiments

whose results were not registered by the memory unit (Ref. 11). Therefore,
the findings of these experiments refer only to the orbit sectors in the
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~ 212 to ~ 600 km altitudinal range.

In the plane of one of the satellite cross sections perpendicular to
its longitudinal axis, two cylindrical probes 1 cm in diameter and 20 cm
in length were so placed near the surface that the central angle between
tlem was 90°. A third probe of the same size was installed 10 cm from the
satellite surface in a plane perpendicular to that of the first two. The
probes were so located as to be able to detect the effect of the Earth's
magnetic field on measurements. For undetermined reasons, the third probe
did not function during the flight.
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Dependence Of Electron Concentration n, On Altitude h,
Measurcment By ILangmuir Probesin Sector Of Satellite
Orbit On April 7, 1962

Circle indicates n_ value at F layer maximum as calcul-
ated from data of ionosphere stations; ¢ - latitude;
A - longitude.

Tdentical voltages Vp relative to the satellite frame were delivered
to all the prcbes and varied gccording to a bipolar pulse law. The values
both of V., and of the probe currents were simultaneously transmitted to
Earth. Tge classical methods described in (Ref. 12) were employed to
process the probe characteristics and from them to determine electron con-
centration n_ and electron temperature Te' Satellite rotation modulated
the probe currents.

Figure 4 gives the envelopes of the peak electronic probe currents
recorded during each period of sawtooth voltage fed to a probe. These
emvelopes are given for the three time periods shown in the graphs. It is
evident from the graphs that maximum probe currents periodically change, f158
falling to values beneath the sensitivity level of the probe current boos-
ters. Here in some cases the electron current maxima of both probes are
congruent in time (Fig- ha), while at other time periods a current maximum
mwmepﬂmem%dmsa(mmwm;mmﬂmmintm;mma*Gﬁg kb). There are
cases where the readings of one of the probes are very small for comparatively
long periods of time (Fig. kc).
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An analysis of the simultaneously-~recorded ion currents in the
eight flat ion traps installed on the satellite (see [Ref. 13]) showed
that the minimum current values of each probe do not always correspond
to the period of time the probe remains in the ion shadow formed behind
the satellite (in the direction opposite the direction of its velocity).
However, the variation period of the probe currents is determined Dby
the satellite's rotation as Figure L4, for example, makes clear. We
believe that these probe current changes are mainly conhected with the
changes in probe orientation with respect to the geomagnetic field.
Depending on this orientation, the effective electron-collecting surface
of the probe undergoes substantial variation, which i1s at its maximum
when the probe axis is perpendicular to the magnetic field and minimum
when this axis coincides with the direction of the magnetic field.

Figure 5 gives ng values obtained with Tengmuir probes in a sector
of the satellite orbit on April 17, 1962, (satellite altitude decreased
from 600 to 212 km). The same figure shows the ng magnitude at the maxi-
mum of the F region determined from the critical frequency measured at an
lonospheric station close to the projection onto the Xarth of the orbit
sector in which the probe measurements were made. Diurnal megsurements
of Ty during the flight of "Kosmos-2" gave values ranging from 1800 to
3000 °K (see table).

Figure 6 gives the simultancously-measured probe characteristics
and the time-dependence of the collector current of a "honeycomb' ion
trap. Calculations based on the characteristic curves result in electron
temperature values more than twice as large as the ion tempersture values.

This indicates the lack of thermal equilibrium in the ionosphere at
the altitudes of the ¥F2 layer.

TABLE 1
ELECTRON TEMPERATURE T, MEASUREMENT RESULTS USTNG TANGMUTR PROBES
Time Time
Date Hour Height ILati- Longi- To, K Date Hour Height lati- Longi- Tg,°K

Minute km tude tude Minute km tude tude

L/17]16 Lo | 288 | u8°N |71°E | 3150 | 4/8 |13 09 | 299 | 48.27|121.01]1800
1962116 ha | 285 | L8.h |72 3000 | 1962{13 09 | 298 | L8.3 [121.3 {2200

18 22 | 343 | Ls 32 3000 13 11 | 262 | 49.1 |131.3 |1800
18 23 | 317 | 4t 37 2900 4 43 | 528 | 36 59.1 | 2600
18 24 | 297 | L8 43 3200 14 L9 | 339 | 46.76] 85.85|2700
18 24 | 300 | 48 Lo 2500 14 50 | 336 | 46.9 | 86.5 |2800

20 08 | 265 | 48.9 |oT 1800
20 08 | 264 | L9 27.3 | 2500
20 08 | 262 | L9.1 |28 2300
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Experimental Recordings of Langmuir Probe Currents
and "Honeycomb" Ton Trap Obtained Concurrently

a - Semllogarithmic characteristics and dependence of
I on VP for Iangmuir probe; b - time-dependence of
"Honeycomb" ion trap collector current.

IV. Determining Positive Ion Temperature With Honeycomb Traps

The honeycomb-type ion trap used for the first time on "Kosmos-2"
(Eigure 7) is a three-electrode device consisting of a collector, an anti-
photoelectron grid to suppress the photocurrent from the collector surface /160
and an external honeycomb adapter connected to the satellite frame. This
adapter consists of an assemblage of contiguous hexagonal "honeycomb" tubes.
It is obvious that the directional properties of such a trap are the same
as with a single tube, while the collector current increases in proportion
to the number of tubes. The peak current occurs when the velocity vector of
the incoming stream of ions coincides with the normal to the collector.
With sufficiently narrow tubes the trap can be compact and very sensitive
to orientation with respect to the velocity vector. One article (Ref. 1)
has been devoted to the feasibility of using a narrow tube for ilonosphere
measurements, and has estgblished that neutral particle current is depen-
dent on temperature and the angle between the velocity vector and the axis

of a differentially-narrow tube.
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Pigure T

Honeycomb-type Ion Trap

Given this tube shape, ion temperature Ti significantly affects the
dependence of the collector current on trap orientation to the vector of
the incoming ion stream. The collector current of a honeyconb trap may
be represented as

I e= Ic.oF (4, £, Ty, (2)

where I, o5 = eSVn; is trap current when T; = 0 and the velocity vector
coincides with the tube axis; e, the electron charge (ions are assumed
to be single—charged); V, satellite velocity; S, the sum of the cross
sections of all tubes; F, the function defining the dependence of col-
lector current on orientation and temperature; Y, the angle between trap
axls and satellite velocity vector; and R/L is the ratio of tube trans-
verse dimension to longitudinal dimension.

To find the type of function F, the actual hexagonal tube was replaced
by a right circular cylinder with a base area equal to the input aperture
of the tube. When T; = O, function F may be easily computed analytically:

. oy 2 L I3 - . —
F(p, RIL, T; = 0) = S (arC(os S Lg P — T gp V1 — (LI2R g 1p)2) (3)
, 20
Lg'\P<*L—. (LL)
If T # 0, the ions have velocity components perpendicular to the

satellite velocity vector, with a resultant change in the form of function
F. TIn order to ascertain the actual form of function F, we must take into
account not only the thermal motion of the ions, but also the distortion
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Calculsted Curves For Function F(y, R/L, T;) Which
Defines Dependence Of Honeycomb-Trap Collector Current
On Tts Orientation ¥ Relative To Velocity Vector V And

Temperature T;

Calculations Made for Ions of Atomlc Oxygen, Satellite
Velocity V = 7.5 kmesec™ , and Ratio R/L = 0.1057.

of the ion trajectory when moving in the electric fields in the space
charge layer surrounding the satellite as well as within the trap.
Function F was computed without regard to the effect of potentials -
i.e., current was calculated for neutral particles of mass and tempera-
ture equal to ion mass and temperature. With a negative potential on the
sgtellite frame, the presence of electrical fields results in a certain

expansion of function F.

When Ti f 0, function F is a quintuple integral which cannot be
expressed in analytic form. It was therefore calculated on an electronic
digital computer. Figure 8 gives the computational results for the trap
on "Kosmos-2". This same figure also displays the curve for Ty = 0. It
is evident from the figure that the F(Y) curves expand because of thermal
motion. Moreover, one important feature of the F(Y) curves 1is the great
dependence of the values of #(¥=0) on temperature. For example, when
T. = 2000°K the maximum possible current in the trap (when the tube axes
coincide with satellite velocity vector) is gbout four times less than
when Ti{ = O. The strong dependence of F(Y = 0) on T; is explained by the
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Calculated Dependence Of Function F On Temperature
For ¥ = O And the Same Parameter Values As In Figure 8

Value Of F For T; = O Derived by Formula (3); Other
Values Calculated by Computer

joint effect of thermal motion and the capacity of the narrow tube to
separate just those particles whose velocity vectors form a small angle
with the tube axis. At a low thermal velocity the particles "enter" /161
the tube and reach the collector without having time to reach the walls.

As temperature rises, thermal velocities and the number of particles
managing to reach the walls during the flight time increase, and as a

result the collector current decreases. The dependence of F(¥ = 0) on /162
temperat§re is shown in Figure 9 (M; = 16 amu, V = T.5 km*sec™, L=

= 0.,1057).

It can be scen from the gbove statements that experimental data on
the dependence F(Y, R/L, Ti) may be employed to determinec Ty (by compar-
ing them with calculated values if m; [ion mass], V, and R/L are known) .
Experimental values of honeycomb-trap collector current I, may also be
utilized to find T; when ¥ =0, if n; is independently determined. This
enables us to determine the experimental value of F(Y = O) as the rati~

Icmnx / Ico: ]C max/esvni,

Thus, T4 can be found by two methods - by comparing curve shapes
and by employing IC(Y = 0) and the values of F(Y = 0) given in Figure
9.

Figures 6 and 10 give examples of experimental records of honeycomb
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Experimental Record of Honeycomb-Trap Collector
Current Obtained During Satellite Flight

trap collector currents made during the flight of "Kosmos-2".

When determining temperature by the above methods, we estimated the
influence of the electric fields which were not taken into account in the
calculations. With allowance for this effect, the temperature determined
by the curve in Figure 6 lies between T; = (1300 + 200)°K.

V. Measuring Electron Photoemission Along Satellite Orbit

Use was made of so-called photoelectron analyzers of the type des-
cribed in (Ref. 15) to measure electron photoemission from the metallic
surfaces on "Kosmos-2". Structurally, the photoelectron analyzer was an
ordinary semispherical three-electrode trap (e.g., see [Ref. 16]) whose
collector in the .given case was a photoelectron emitter. Three photo-
electron analyzers in all were installed on the satellite, so that the
normals to them formed three mutuslly-perpendicular directions. The
voltages on the photoemitter electrodes were such that neither positive
ions with thermal velocities nor electrons with thermal velocities from
the surrounding medium could reach the emitter. The measurement of
photoemission from a metal surface under the effect of solar radiation
is of great interest in explaining the role of photoemission in estab-
lishing an equilibrium body charge. FPhotoemission is not very large in
ionospheric regions with a great concentration of charged particles.
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At altitudes where this concentration drops, however, electron photo-
emission from the surface of space equipment and individual instrument
components may essentially affect the results derived from probe inves-
tigations of the environment.

A study of the energy distribution of photoelectrons is, moreover,
a source of information on solar photon streams.

Photoemission was measured by "Kosmos=-2" only in the regime of
direct radiotelemetric transmission and in the altitude region of
~212-600 km. Presently existing dsta on sbsorption of ultraviolet radia-
tion by the Earth's atmosphere refer to the region below 235 km (Ref. 17).
It is thus of definite importance to obtain data on the integral gbsorp-
tion of solar radiation at altitudes above 200 km.

The photoemitter current is known to be proportional to the 1163
strength of the radiation stream causing it when there is no electric
field braking the electrons (so~called saturation photocurrent). There-
fore, without analyzing the volt-ampere characteristics derived, let us
examine the variation in current saturation in the photoelectron analyzers
while the satellite is moving in the altitude range ‘from 550 to 220 km.

It is not difficult to measure variation in the integral stream of
solar radiation with a photoemitter trained on the Sun. This problem
becomes more complicated with a satellite which is not oriented toward
the Sun. By analyzing the dependence of emitter saturation photocurrents
on their orientation with respect to the Sun, we found that for those
instants when the currents of all three emitters differed from zero the
photocurrent of each "Kosmos-2" emitter could, in the first approximation,
be considered proportional to the square of the cosine of the angle of
radiation incidence:

Iimax = Tomax COS%qy;

Temax =< Tomax COS s ;

Tomax = Tomax COS%¢ys;
that is, Tomax = limax * Temax + Ismax,
where Iomax is the photoemitter current corresponding to the radiation
stream falling at a 90° angle. Thus, with three identical photoelectron
analyzers trained in three mutually-perpendicular directions, we can
determine the analyzer saturation current value corresponding to normal
incidence of the radiation stream on the emitter, for those moments when
the current values from all the emitters differ from zero. BFach emitter
may be oriented in any way with respect to the Sun.

The dependence of photoemitter saturation current on altitude is shown

in Figure 11l. The reduction of photocurrent with altitude, evidently
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Dependence of Photoemitter Saturation Current on Altitude h

because of absorption of solar radiation, is 1n essence a photocurrent
variation along the orbit, due to the increased distance along the
Despite the essentially divergent nature
of the absorption of the individual segments and lines of the solar radi-
ation spectrum by different regions of the ionosphere (depending on compo-
gition, density, etc-), the attenuation of the integral radiation stream
in a broad spectral range - as determined by the saturation current values
of photoelectron analyzers in the 220-550 km altitude region - 1s on the
We should note that beginning at 293 km
the angle of the Sun's elevation above the satellite horizon takes on
negative values, i.e., beginning at this gltitude solar radiation tra-
verses g certaln range of altitudes twice.

line 1 , as shown in Figure 12.

whole clearly linear in nature.

Figure 13 displays one of the volt-ampere curves obtained during
the flight of "Kosmos-2", which shows the dependence of analyzer photo-

current on its internal grid volt

age.

The shape of this curve is essen-

tiglly different from that derived during similar experiments by

Under laboratory conditions, so-called
calibrated volt-ampere characteristic curves were taken while irradiating
an experimental model of a photoelectron analyzer with monochromatic radi-
These laboratory volt-ampere characteris-
tic curves are also depicted in Figure 13. It is evident from the figure
that sector a-b of reduced slope, which is absolutely present on all in-
flight characteristic curves, is lacking on the laboratory characteristic
curves. This means that the solar radiation recorded by the satellite
analyzers is apparently not entirely determined by radiation of the
indicated wavelengths. Comparison of the laboratory characteristic curves
with those of Hinteregger et al. (Ref. 15) and other experimental results
obtained from irradiation of different metals with the far ultraviolet

Hinteregger et al. (Ref. 18, 15).

ation of different wavelengths.
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Relative Change in Saturation Current 0 max
Depending on Distance Along Line 1

1{550) _ 1. at altitude of 500 km; 1 -
max max X ’

data from one satellite revolution of

April 8, 1962; 2 - data from six satellite
revolutions on April 8-9, 1962; 1 - distance
along radial line figured from 550 km to
satellite, h - satellite altitude above earth.

(Ref. 19), confirms the fact that there is no reason to doubt the relia-
bility of the laboratory volt-ampere characteristic curves. At the same
time, analysis of equilpment functioning aboard "Kosmos-2" showed that

the unusual aspect of the characteristics recorded cannot be caused by Zléj
equipment. All this makes us think that the shape of the volt-ampere
characteristic curve is linked to the nature of the incident radiation.

An indication of this may also be the fact that the sector of lesser
steepness appears on the volt-ampere characteristic curves of all three
photoelectron analyzers not only at a single definite value of the counter
potential with respect to the emitter potential, but at different counter
voltages relative to the satellite frame and to the potential of the
external grid of the analyzer. The hypothesis has been advanced that in
the given case a significant fraction of the photocurrent was provoked by
sof't x-rays. The character of the external photoeffect under the action
of soft x-rays has been investigated in detail in a number of experiments
(Ref. 20) which show that the photocurrent at comparatively high quanta
energies has much in common with secondary emission. It has therefore
been surmised that the lower portion of the volt-ampere characteristic
curve, mainly up to sector a-b corresponding to photoelectrons of maximum
velocities, represents primarily the spectrum of secondary electrons

excited by a primary x-ray photoelectron as it traverses the slow electron
outflow zone.
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Figure 13

Photoelectron Analyzer Volt-Ampere Characteristics Derived
Under Ieboratory Conditions During Irradiation by Monochromatic
Radiation of Various Wavelengths, and Volt- Ampere Characteristic

Curve Obtained on "Kosmos-2"
0 max- saturation photocurrent with rad1at10n.1n01dence at 90°
angle; In - photocurrent with counter potentials and 90 inci-
dence of radiation, U, - counter potential.

This hypothesis encounters serious objections, because it is rather
difficult to explain the fact that during the experiments of Hinteregger
et al. in 1958 and 1959, which coincided with a period of peak solsr ac-
tivity when the x-ray streams were more intense, no such phenomenon was
detected. It may be assumed that the cause is the differing state of
emitter surfaces during these experiments - to be precise, that the sur-
face of the "Kosmos-2" emitters gave a substantially higher yield of
secondary electrons. It may also be assumed that this festure of the
volt~ampere curves is caused by simultaneous irradiation of the photo-
electron analyzer by streams of ultraviolet radiation and corpuscular
streams of energies whilch permit the latter to reach the emitter. The
similarity of volt-ampere characteristics obtalned at different altitudes,
latitudes, and zenith distances, however - as well as the lack of currents
recorded by analyzers in night time - indicate that this explanation en-
counters substantial difficulties. If, however, it i1s assumed that the
above hypothesis is true, then this means that in the ultraviolet portion
of the solar spectrum the predominant radiation has wavelengths of
AL > 900 — 1000 A. The radiation flux in the 1216 & region at an alti-
tude of 500 km was estimated at ~ 1 + 0.5 erg'cm'z-sec_l,'while the radi-
ation fluxes in the 584-1000 region are on the order of
~ 10" photon<cm™*sec™t.

The shape of the volt-ampere characteristic curve hardly varies as
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Figure 14

Volt-Ampere Characteristics of FPhotoemitter at
Different Altitudes

1 -h =752 km; 2 - h = 300 km; Lo, 10 max’ U, -
as shown in Figure 13.

the satellite descends to lower atmospheric layers, and is shown in
Figure 1k.

It is thus obvious that in the 550-300 km altitude region the
integral coefficient of solar radiation absorption is still rather large,
and that radiation attenuation in this altitude region proves to be sub-
stantial when the solar rays fall obliquely.

VI. Determining "Kosmos-2" Orientation With Respect
to Velocity Vector With Flat Ion Trap System

"Kosmos-2" used a system consisting of eight flat ion traps, described
in Section I (see [Ref. b, 5]), to determine the satellite's orientation
with respect to the vector of its orbital velocity. We would like to note
that in May, 1962, some time after the launching of "Kosmos-2", the
British rocket Black Knight was launched in Australia with a system of {166
flat ion probes - i.e., the same physical principle (Ref.El)—jnwmﬁer to deter-
mine orientation with respect to velocity vector. The collector current
at some sector of a limitless flat ion trap, when the satellite frame
has a negative potential, is determined by the expression (Ref. 5):

o= aeSVaul" (p, 1) = e o (, T4), (5)

where o is total grid transmittance; g, collector area; and Y, the angle
between the normal to the collector and the vector of satellite velocity.
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Dependence of Flat Ion Trap Function F on Angle Y
Be wseen the Normal to Its Collector and Sate%lite Velocity Vector
1- Ty = 5000°K; 2 - T3y = 1800°K; 3 - Ty = O°K

Fgure 15 depicts the dependence of F(Y, Ti) = IR/u enySV on angle ¥,
for T. = 0, 1800, and 5000°K (curves 3, 2, and 1, respectively). When
Ty = nction F coincides with cos Y. When T3 % 0 the cosinusoidal
approxia.tion may be employed in the lower range of Y values. It should
be noted that the curves in Figure 15 refer to the flat lon trap as part
of an unbounded, electrically-homogeneous plane. In our case the traps
are installed on a body having finite dimensions. The edge effects must
therefore not be disregarded, because at large values of angle Y the cur-
rent of the actual trap exceeds the current in the corresponding sector
of an ideal unbounded planar trap. Analyslis of the flat trap collector
current recordings from "Kosmos-2" demonstrates that the edge effects
play a significant role. With normal incidence of the ion stream onto
the trap (Y = O), the edge effects play a considerably smaller role.
Taking into account the influence of ion temperature and the edge effects,
we may assume that for the ion trap system aboard "Kosmos-2" the cosinu-
soidal approximation is valid for !Y/-S 45 — 50°:

Ic=1I.ocos . (6)

This approximation was used to find velocity vector orientation with
respect to the three chosen coordinate axes of the satellite. By taking
advantage every instant of the current readings of the three traps, whose
normals are non-coplanar, we may easily compube the velocity vector orien-
tation with respect to the satellite frame.

To improve the accuracy with which this orientation is determined, we
must solve equations of motion for the satellite as a free body and com-
pare the solution with the trap readings. Such processing of the data
from "Kosmos-2" flat trap system demonstrated that if the degree to which
the sum of the squares of the direction cosines deviates from unity is
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adopted as the measure of the accuracy with which velocity vector orien-
tation is found, then this method makes it possible to find orientation
within an accuracy no worse than % 3%. However, this method entails a
large volume of computational labor.

We must observe that the accuracy with which the velocity vector /167
orientation was determined for the satellite in the experiments described
was somewhat reduced, because of the somewhat unfortunate arrangement of
the traps on the satellite surface (projecting elements of the satellite
got into the way of the visual field of the traps in several directions)
which slightly distorted the dependence of currents in individual traps
on their orientation. If this is avoided, the accuracy with which velocity
vector direction is determined can be increased.

Conclusion

As is clear from the foregoing, the measurements made by "Kosmos-2"
made it possible to derive interesting results regarding the structure of
the ionosphere and characterizing the processes occurring within it.

Tn the latitude region from 49° N to 49° S and in the altitude range
from ~ 212 to ~ 1550 km, the concentration of positive ions was measured.
At altitudes from ~ 212 to ~ 600 km electron concentration and temperature
were measured; direct computations of ilon temperature were made for the
first time. Data were obtained on the variations in photoemission from
metals undergoing shortwave solar radiation in the altitude range close
to the ionization peak of the F region of the ionosphere. These variations
permitted us to estimate the integral gbsorption of solar ultraviolet radi-
ation in this ionosphere region. Finally, so far as we know, the orienta-
tion of a space vehicle relative to its velocity vector was for the first
time determined by means of ion sensors.

These res%lts do ngt, however, exhaust the significance of the experi-
ments made by Kosmos-2 « Their analytical results are very useful for
preparing new experiments on space vehicles in the ionosphere.
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RESUITS OF IONOSPHERE RESEARCH BY ROCKETS AND SATELLITES
IN 1960-1964

B. N. Gorozhankin and V. A. Rudakov

Our report is a brief survey of measurements of electron and ion /168
concentration in the ionosphere to altitudes of approximately 2000 km.
The aim of the report is not so much to communicate the specific results
of various experiments as to delineate the methodological trends in the
development of these measurements. The main reason for this is the in-
adequacy of the time allotted to the report. Moreover, the concentration
of charged particles is one of the most important parameters of the iono-
sphere which, in particular, determines the laws of radio wave propagation
therein.

We should also bear in mind that speciagl reports (e.g., LRef. 1]) are
devoted to measurements of temperature and ion composition and to research
on the peripheral region of the ionosphere.

The lack of time has also forced us to restrict ourselves to pre-
senting, without a detailed discussion, only the measurement results
which we view as most important.

The numerous methods of measuring r, and n; may be divided into two
main groups:

1) lonospheric parameter measurements from the readings of instru-
ments reacting to the environmental characteristics in the immediate
vicinity of the sensitive element - probe methods;

2) measurcments by radio waves emitted or received on a flying object
and propagated over considerable distances - radio methods.

Some of these methods represent adaptations to ncew tasks of familiar
methods of studying radio wave propagation and of plasma research in the
lgboratory. Others, however, have been specifically developed for study-
ing the upper atmosphere by rockets and satellites.

The setup of each experiment had to allow not only for opportunities
afforded by rockets and satellites, but also for the restrictions imposed
by the properties of the medium, the nature of the objects' motion, the
difficulties in transmitting information, etc. At present radio and probe
methods alike are employed both in rockets and satellites.

I. Rocket Measurements
We shall begin our review with rocket investigations of the iono-
sphere. Table I gives information on various vertical rocket launches

abroad (1960-~196L period) in which ionospheric research was conducted
(Ref. 2-10). The parameters measured have been appropriately designated
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TABLE I

by the letters P and R for the measurement method used (P - for probe
and R for radio methods) .

INFORMATION ON SEVERAL Ue.Se. IONOSPHERE ROCKET EXPERIMENTS

Greatest
Date Height Of Parameters

Region Measured

Studied,km
4/12/61 1900 ng,Ty
L/o7 620 n,
6/2k 1000 n,
10/19 1600 n,
3/29/62 2800 Ng,nyg
L/30 240 Ne,ny
7/2/63 850 nesT,
6/30 5500 ng
9/28 900 ngsT,
10/7/6k 1000 N,y
10/7 1000 ng ,m;

TABLE 2

TABLE OF FOREIGN ROCKET

Measurement
Method

LAUNCHES TO STUDY THE IONOSPHERE

Number of

Greatest

Year Country Launches Height
Reached, km

U-S. 9 670

1960 Japan 2 190
U.S. 14 6000

1961 Japan 5 350
U.S. 8 6000

196

962 England 5 250
U.S. 14 11000

1963 England T 250
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The radio methods, which were the first to be used in the U. S.
and the USSR to measure N in the firing of research rockets, include
the most widely-used methods of dispersion interferometry, Faraday
effect observation, and pulse radio probing of the ionosphere from
above. These procedures enable us directly to determine only electron
concentration, but the measurement results describe substantially
larger areas of the medium under study than do probe measurements. This
is caused by the peculiarities of radio wavc propagation. In measure- 1162
ments taking advantage of radio waves passing through the ionosphere, the
regions over which they are averaged ave measured in tens of meters, and
in some cases - where the Faraday effect is used - in kilometers. The
characteristics of the medium influence to a certain extent the radio
measurements of local ionospheric parameters over the whole path of radio
wave propagation.

) Nevertheless, due to the great reliability of data obtained by radio
methods in vertical rocket launches, these methods have been and remain
the most trustworthy and accurate means of determining the altitude behav-
iour of n, in the ionosphere.

Probe measurements ( including, in particular, those using ion traps)
make 1t possible to determine local concentrations of charged particles,
and probe results do not depend on the state of the medium between the rocket
and Earth. Probe measurements, however, involve considerable difficulties,
for their results are affected by such factors as the space charge /170
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surrounding the rocket in flight, desorption of gases from the rocket
surface, photoemission and secondary emission, and, when measuring elec-
tron concentration, the orientation of the sensor relative to the vector
of the geomagnetic field.

At the relatively slow velocities of vertically-flying rockets (at
least, in the upper portions of their trajectories) ion thermal velocities
materially affect the determination of positive ion concentrations; there-
fore, ion temperature and ion mass composition must be known if the results

are to be interpreted.

All of this makes rocket probe measurements complex, and demands very
careful experiment preparations and, as a rule, laborious processing of
experimental results.

Iet us pass on to the results of rocket experiments. Figure 1 plots
the distribution of electron concentration against altitude (n (h)— pro-
files) obtained by a dispersion radiointerferometer in flrlngs of geophy-
slcal rockets by the Academy of Sciences, USSR. The solid curves refer
to daytime launches, and the broken curves to morning launches. Two 1958
curves are gilven for purposes of comparison, as they were cobtained by the
same method (Ref. 11, 12).

A comparison of curves belonging to different years (see Fifure 1)
shows us that the main ionization peak in the years close to the solar
activity minimum is several times smaller in size and 50-100 km lower in
altitude than in the year near the solar activity maximum. The

228



concordant behavior of the curves pertaining to reduced solar activity
(1961-1963), and the decrease in electron concentration above the peak
in the F region, which was much more rapid in 1961-1963 than in 1958, are

clearly apparent.

These deductions from a comparison of the ne(h) - profiles in Figure 1
are in agreement with the experimental findings on ion concentration. /171
These findings indicate that, as solar activity decreases in its eleven-
year cycle, ion concentration in the ionosphere is substantially reduced,
and n; decreases more rapidly as altitude increases above the pea% in the "
F region. This information came from the ion traps installed on Kosmos-2
(see Section IT).

Figure 2 depicts the ne(h) - profiles similarly measured during U.S.
rocket flights (Ref. 3, 5, 6, 8). We should note that the curve of March
29, 1962, was derived from observations of the Faraday effect, because
there was radio interference on one of the two interferometer frequencies.
In the sectors compared, the curves in Figure 2 are close enough to each
other, but we cannot fail to notice a perceptible difference in the slopes
of these curves. 1In general, the curves of Figures 1 and 2 are identical
in character, while the n, values measured at different altitudes (in 1960-
1963) are close to each other.

During rocket launches the altitude distribution measurements of
charged particles were also carried out by various probing methods. Figure
3 illustrates such measurements with two n-(h) distributions obtained in
the U.S. with ion traps (solid curve from [Ref. 2], dotted curve from
[Ref. 6]). Both distributions are nocturnal (about midnight); the differ-
ence between the behavior of the curves may, on the one hand, be attribu-
ted to differing ionospheric states during the experiments. On the other
hand, this divergence may possibly result from errors introduced into the
probe measurements by the diverse factors mentioned previously.

The scope of ionospheric rocket research is now great, as is illus-
trated by Table 2 containing incomplete data on rocket firings in several
countries (Ref. 13-15). The program of the IQSY (International Quiet Sun
Year) (1964-1965) calls for rocket launchings at fifteen locations in ten
countries to investigate the ionosphere (Ref. 16). Because of the impor-
tance of research by vertically-launched rockets and in order that this
research may be conducted by unified methods, the International Committee
on Space Research (COSPAR) has published a handbook describing the recom-
mended measurement methods and the corresponding equipment (Rer. 17).

IT. ©Satellite Measurements
When speaking of measurements by satellites, we must bear in mind that
local measurements do not in this case give true vertical cross sections

of the ionosphere, due to the presence of a horizontal component of satel-
lite velocity which, in most cases, far exceeds the vertical component. The
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TABLE 3

IONSPHERE RESEARCH BY SATELTITES

Measured

Date of Satellite Country Tonosphere
Iaunch
Parameters
2/3/1960 | Explorer 8 U.S. Ngsy Ni, Ty My
10/13/1961 | Discoverer 32 " ng, Ty
L/6/1962 | Kosmos=-2 USSR ng, ni, Tgy, Ty, my
/17 Discoverer U.S. ny, Ti
L/26 Ariel 1 Eng.,U.8. |ng, ngj, To, Ty, myg
6 Air Force U.S. ng, T
9/29 Alouette Canada,U. S. ng
1962-1964 | Kosmos series USSR ng
(except
Kosmos—2)
L/3/1963 | Explorer 17 U.S. ngs 155 T
1964 Elektron series | USSR N
8/25 OG‘O"]_ U.S. ne, ni, mi
9/l Fxplorer 22 " ne
10/9 Explorer 20 " Ng, m;

-

Measurement
Method

=B v]

= o3
- -
L= B>y

result is that horizontal gradients severely affect measurements of

altitude distributions of ilonosphere parameterse.

This is associated

both with the inhomogeneous structure of the ionosphere, and with the
rapid change in latitude and local sun time along the satellite's orbit.

For ilonosphere study, satellites employ variants of the same methods /172
used by rockets, but substantial extra difficulty is involved in the
satellite use of radiointerferometry to measure nge

Positive ion concentrations are measured with greater simplicity

by ion traps on satellites than on rockets.

Chiefly because of the

great speed of a satellite, the contribution made by the thermal motion

of ions to the trap collector curreuts may, at least i1 the region of
Even after the first revolu-

tion, moreover, the desorption of gas from the satellite surface becomes
insignificant.

heavy ion

(O+) prevalence, be neglected.

Therefore, an interpretation of measurement results becomes simpler
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and their reliability greater. At the same time, if aspherical ion traps
are employed on an unoriented satellite, the orientation of the traps
relative to the satellite's vector velocity affects the measurements.

Successful measurements of positive ilon concentrations in the iono-
sphere were first carried out aboard a satellite, specifically, the
third Soviet satellite (1958), by means of spherical ion traps (Ref. 18).
In the United States, the first successful ion trap measurements were
made more than two years later (by the satellite Explorer 8, 1960) (Ref.9).
Since then ion traps have been repeatedly and successfully used in iono-
sphere research, as is evident, for example, from Table 3. This table is
a compilation of the satell®._s launched in 1960-1964, which conducted
(and are conducting) studies of the ionosphere (notation the same as in
Table 1; the letter T denotes measurements by charged particles traps) .

Figure &4t depicts an ni(h) curve cbtained by means of flat ion traps
on the satellite "Kosmos-2" on April T, 1962 (Ref. 20, 21) and an ne(h)
curve obtained by radio frequency prcobing by the Anglo-American satellite
"Ariel-1" on May 13, 1962 (Ref. 22). The "Kosmos-2" curve refers to local
daylight time and the "Ariel-1" curve - to the morning hours. Figure 4
makes it clear that the ni(h) and ne(h) functions were derived over a very
broad latitude range (in the first case Ap = 790, and in the second /173
A = 67“). The substantial differences in measurement conditions not-
withstanding, these curves in general fairly well agree with each other.
In the 800-1000 km range, however, the curves take divergent courses, the
explanation for which may be that it is at these heights that the lati-
tudes in which the measurements were made differ most from each other.

It was already noted in Section I that the comparison of "Kosmos-2"
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measurements with the results of those in 1958 on the third satellite
warranted our drawing certain conclusions gbout the varigbility of
ni(h) distribution in the eleven-year cycle of solar activity. This
is presented in more detail in a special report on the results of
measurements performed aboard "Kosmos-2" (Ref. 21).

It is pertinent to recall here that, as mentioned above, the alti-
tude dependences of any parameters plotted from satellite measurement
data are not true altitude distributions of the parameters, but serve
only to present results in a compact form. This remark only applies to
meagsurements made by ionospheric stations installed in satellites.

An extremely promising method of lonosphere study is radio probing
of the lonosphere below from satellites flying above the F region peak.
The first experiments in probing the ionosphere from gbove were performed
on American rockets in June and October, 1961 (Ref. L, 23) for a prelimi-
nary test of the measurement methods. The Canadian-American rocket
"Alouette" (see, for example [Ref. 2L]) was launched on September 29, 1962
with an lonospheric station aboard. The orbit of this satellite was
almost circular (height gbove the Farth's surface ~ 1000 km, orbital
inclination ~80°); therefore, altitude-frequency characteristics (iono-
grams) could be received for a protracted period to plot vertical cross-
sections of the outer ionosphere. The satellite’s equipment made it
possible to record the ionograms every 17 sec, but there was no memory /174
unit aboard the satellite. Information could be received from the satel-
lite only under direct transmission conditions by special receiving
stations at a restricted number of locations.
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On August 25, 196L the United States Iaunched another satellite to
probe the ionosphere from above - "Explorer 20". Pulse probing from
this satellite took place at six fixed frequenciles in the same range.

As already mentioned, direct measurements of environmental parameters
by satellites is generally restricted due to the difficulty of distin-
guishing the vertical and horizontal changes in the quantities to be mea-
sured (i.e., the difficulty of obtaining an altitude profile). By the use
of "flying ionospheric stations” (like "Alouette"), it is in principle
possible to obtain a vertical cross section of electron concentration
above the F region peak at any point on the satellite's orbit. We must,
however, not forget that the values of ng, thus derived are average for
comparatively large regions. Thus, for example, in radio probing from a
satellite flying at a height of the order of 100 km above the layer under
investigation, the electron concentration to be measured 1s averaged over

a region of linear dimensions in a horizontal plane on the order of sever-
al kilometers.

By way of an example, Figure 5 represents equatorial ne(h) - profiles
derived from data received in Singapore from "Alouette" (Ref. 25). These
curves show the potentialities of radio probing from sbove (curve 3 is
daytime, curves 1 and 2 are morning).

One of the interesting results obtained by "Alouette"” (October 29,
1962) is the frequent detection of regions with very great horizontal
gradients at all heights investigated (see Figure 6, which shows the iso-
lines of the reflected signal frequenries). In addition, regions of
slightly elevated electron concentration stretching along magnetic
field lines of force have been discovered (Ref. 26).
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Only about 5% of the altitude-frequency characteristics obtained by
means of TAlouette" have been processed, because of the great number of
them and the laboriousness of the operation. We would like to note that
altitude-frequency characteristics from "Alouette" are sent to World Center
Ain New York, from which any country may obtain them (Ref. 26) .

In both the USSR and the U.S. (see, for example, [Ref. 27, 28] iono-
sphere research is beling conducted by means of radio waves of different
frequencies emitted by satellites; here dispersion interferometry is ordi-
narily used. References 29 and 30, for example, examine this method as
applied to satellites.

As can be inferred from these papers, the calculation of local elec-
tron concentration n, from data of this type of measuring leads to very

large errors when satellites are employed.

A number of articles (e.g., Ref. 31-33) describe experiments conducted

by a phase method during flights of the "Kosmos" series of satellites and /175
on "Elektron-1". These works attempt to determine local electron concentra-

tions in the vieinity of the satellite, although the conclusions drawn in
[Ref. 29, 30] as to the low accuracy of such estimates are entirely perti-
nent to these measurements. It is impossible not to draw attention also
to the fact that the n, peaks above the F layer cited in [Ref. 31-33]
were not detected by other experiments measuring electron concentration.

Conclusion

Because the ionosphere is an extremely complex, inhomogeneous, and
temporally unstable medium, measurements therein, as partially noted above,
encounter a series of difficulties, and all measurements to a greater or
lesser degree contain an element of unreliability linked either to methodo-
logical restrictions or to interference of different kinds. To increase
the religbility of the findings, it is therefore very useful to make com-
parisons between experimental results derived by diverse methods.

In order to make reciprocal comparisons between measurement methods,

several interesting experiments were made in the U.S. using varied proce-
dures to determine ionospheric parameters (particularly ne) over the same
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point. Thus, on April 18, 1963, a rocket was lofted into the region

through which the ionospheric satellite "Explorer 17" was passing.

Maximum height of ascent was hp,y = 320 km, and minimum distance between
rocket and satellite Ar ~ 32 km. On July 2, 1963,a rocket was sent up

866 km and was 240 km away from "Alouette", while on September 28, 1963, the
same rocket was lofted to 1030 km. On September 20, 1964,a rocket

(hmax ~ 1000 km) was fired into the region in which "Explorer 22" passed
(hpgx =~ 1000 km).

Figure 7 gives the results of these simultaneous measurements made
on September 28, 1963 with ion traps (curve 1), by dispersion interfer-
cmetry during the firing of the rocket (curve 2), by a radio probe from
"Alouette" (curve 3), and by the method of incoherent radio wave scatter-
ing (curve 4) (Iincoln Ieboratory facility) (Ref. 8). As the figure shows,
the divergence of the measurement results obtained by the above methods is very
smgll.

This composite experiment convincingly demonstrates that all the
methods used therein correctly present the true properties of the iono-
sphere and are therefore valid.

In experiments up till now on vertically-launched rockets, local
values of ng have been measured by radio methods to a maximum height of
approximately 1600 km, which by our calculations (made for the case of
dispersion interferometry) approaches the extreme heights to which these
methods may be applied (2000-2500 km). Probe measurements may, in
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principle, be employed at any altitude; data from probe measurements at
great altitudes are presented in particular in (Ref. 1).

In conclusion, it is advantageous to draw certain conclusions which
we consider essential.

High-altitude rockets are the most reliable means of cobtaining alti-
tude profiles of charged particle concentration (just as of other iono-
sphere parameters) and give the most accurate results. This explains
their ever-increasing utilization for this purpose in various countries
(including the United States).

Satellite wuse of radio interference methods to study the ionosphere /176
entalls significant difficulties and restrictions in comparison with their
use in vertically-launched rockets. The utilization of ion traps on satel-
lites, on the contrary, leads to simplified processing of the experimental
data and to more reliable results from this processing, as compared to
their use on vertical rockets. Ion traps are installed on many satellites
at the present time.

Iet us denote gome important results of studying charged particle
concentration in the lonosphere by rockets and satellites.

The results of geophysical rocket lgunches by the Academy of Sciences,
USSR, to altitudes of ~ 500 km from 1958 through 1963 has demonstrated the
intrinsic dependence of altitude distribution of charged particles above
the F region maximum on the phase of solar activity.

A further step in ionosphere research is the organization of pulse
radio probing from above, which for the first time has engbled us to
obtain a clear idea of the horizontal gradients of electron concentra-
tion. The disclosure of frequently-encountered zones of very considerable
horizontal gradients forbids the use of a stratified-homogeneous ionosphere
model in a number of cases.

Satellite radio probing is the only satellite method permitting the
derivation of altitude distributions of electron concentration ne(h
which are practically free from the influence of horizontal gradients Ng e
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THE OUTER REGION OF THE EARTH'S IONOSPHERE (FROM 2000 TO 20,000, KM)
V. V. Bezrukikh and K. I. Gringauz

This report briefly presents the state of information on the outer
region of the Earth's ionosphere above 2000 km. Until recently experimen-
tal data on this ilonosphere region have been very scanty. The existence
of g relatively cool plasma surrounding the Earth, with particle energies
of no more than one electron volt and concentrations greater than their
concentration in the interplanetary environment, was discovered with
charged particle traps on Soviet lunar rockets in 1959 (Ref. 1). In 1958
it was thought that a charged particle concentration matching the conditions
in interplanetary space occurs at altitudes of 2000-3000 km (Ref. 2).
Although as early as 1953, when studying so-called whistling atmospherics,
Storey(Canada) estimated electron concentration n, at 12,500 km as loacm_sJ
until the Soviet moon rockets this result was ordinarily not applied to the
ionosphere, but to the interplanctary medium, since before 1959 it was gen-
erally believed that ng

In 1961 Al'pert ct al. (Ref. 1) published the curve showing the alti-
tudinal behavior of charged particle concentration (Figure 1). This curve
was plotted from the results of measurements made at different times by
various methods.
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Figure 1

Data derived in 1958 by dispersion interferometry during firings
of USSR Academy of Sciences geophysical rockets and by spherical lon
traps on the third Soviet satellite were used to plot the curve of
charged particle concentration at heights to 1000 km (Ref. L, 5).

The concentration of charged particles at heights of more than
2000 km was obtained with three-electrode charged particle traps on
the second Soviet space rocket ("Iuna-2") (Ref. 6, 7). At that time
these were the only experimental data on this region. It is clear
from the curve (Flgure l) that 1n the altitude region from ~ 2000 to
~15000 km the value of n; was ~10° cm 3, while gt the height of
20,000 km the value of n; was less than 10% em™. Reference 1
pointed out that in the future repeated measurements of ilon concentra-
tion in the peripheral portion of the gaseous envelope of the Earth
should be made, the stability of its height verified, and the dependence
of this height on geographical latitude checked. In the altitude range
from 1000 to 2000 km in 1959, there were no data on measurements of Ng
and n;; therefore, the portion of the curve in Figure 1 joining these
heights has been left as a matter of Jjudgment. On publication of
Figure 1, it was remarked that, because of the deficiency of data on trap
orientation during the flight of "Tuna-2" , any of the values of ns
might be less than its true reading - e. g , by a factor of two - but
meanwhile it was stressed that there was no doubt as to the reality of
the accelerated drop in n; in the 1500-2000 km altitude range (Ref. 1).
The conclusion that the ions recorded by the traps up to heights of
~ 20,000 km are low in energy and that the plasma detected consists of
particles possessing thermal velocities was drawn from a comparison of
the readings of charged particle traps on "Tuna-2" with their external
grid potentials differing by a single volt. )

In (Ref. 8) it was deduced from an analysis of the data cbtained
that the region in question is filled with hydrogen ions - protons.
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Figure 2

We will give a short list of the experiments which have studied the /179

peripheral portion of the Earth's ionosphere since the flight of "Tuna-2"
in 1959.

Tn 1961 Bridge et al. (Ref. 9) by means of a modulation ion trap on
the satellite "Explorer 10" observed a relatively cool stationary plasma,
at geocentric distances of 1.3 to 2.9 Re, i.e., at heights above the
earth from ~ 2000 to ~ 12,500 km.

In 1962 measurements of ion concentration in the peripheral region
of the ilonosphere were made at great heights during the flight of the
space station "Mars-1" (Ref. 10). Up to heights of 18,000 km, a trap
with zero potential on its external grid registered a positive current,
while a negative current flowed in a trap with a +50-v potential on this
grid (Figure 2). These measurements also indicate that the earth is
surrounded by an lonized gaseous envelope to heights of ~ 18,000 km.

In 1963 Carpenter (u.s.) published his observational results on the
propagation of whistling atmospherics (Ref. 11). He detected a sharp
drop in electron concentration in equatorial latitudes at geocentric dis-
tances of 3-4UR_. Carpenter's view is that this drop, which he calls the
"knee effect” Is characterized by a deecrease in electron concentration of
no less than six times (Figure 3). Carpenter emphasizes that the "knee
effect"” is a constant phenomenon, although it may be observed at differ-
ing distances because of change in magnetic activity. His observations
showed that the "knee" varied in position from 3R, at =6 to b.5-7 Re
under particularly quiet magnetical conditions. Carpenter'’s paper also
noted the connection between his "knee effect' and the results of experi-
ments with traps on "Iung-2" (funa-2"'s results are indicated by the small
circles in Figure 3).

We would like to remark that in 1964 Carpenter continued and consider-
ably expanded his investigations of the "knee" in the equatorial profiles.
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The reality of the "knee' effect has been completely confirmed by numer-

ous observations. Much work has been done on studying the changes of the
height of the "knee" with the time of day and in connection with geomagnetic
perturbations. Unfortunately, we have at our disposal only the abstracts

of the reports of Carpenter and others (Ref. 12, 13). The text of the
reports has not yet, however, been published in its entirety.

At the end of 1963, a similar‘effect was discovered by Serbu (U.S.)
on "IMP-1" ("Explorer 18") (Ref. 14). During observations of the low-
energy electron streams (E < 5 ev) by means of a three-electrode trap for
charged particles close to the Earth, a sharp decrease in the recorded
streams (N) was found at geocentric distances of ~2.2-4 R, (Figure 4). The
special features of Serbu's experimental methods (in partlcular, the
great positive, electron-attracting potential on the external grid of the /180
trap) prevented him from converting the recorded streams into electron D
concentrations. There is not doubt, however, that the effect of a decrease
in the stream magnitudes at the above distances is the same effect ob-
served in the ion component of circumterrestrial plasma on "Tuna 2", and
also in the electron component in Carpenter's measurements. Among other
scientific instruments, "Elektron-2" had a three-electrode, charged-particle
trap similar to those on other Soviet space probes, beginning with the
Lunniks (Ref. 1, 6, 10, 15).

The satellite "Elektron-2" was lofted on January 30, 1964 into orbit
with an apogee of =~11. 6R (from the Earth's center) at an angle to the
equatorial plane of 61° . Altitude of perigee was LOO km. One of the orbit's
Teatures was that the satellite was over the tropical regions of the Earth
when it traversed the altitude region from ~5000 to~ 24,000 km.

The potential of the trap’'s external grid was the same as that of the
satellite's frame. The trap was therefore able to record positive ions of
all energies above the satellite's potential with respect to the surrounding
environment.

At present, the three-electrode trap with constant potentials on the
electrodes is regarded as a very coarse instrument, in comparison with traps
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with varying potentials on the electrodes. Nevertheless, since the
results of this experiment are comparable with those obtained earlier

in 1959 on lunar rockets, and in 1962 on the space station "Mars l"’
because of the identical methods and because measurements were performed
during a great number of "Elektron-2" circuits agbout the FEarth, they re-
present a very important stage in the study of the peripheral portion of
the lonosphere in the altitude range in question.

By way of example, IFigure 5 gives the trap collector current values
measured on February 28-29, 1964, along the satellite's orbit. Current varia-
tions of this nature are typical of all the revolutions of the satellite.
Every time that it approached the Earth there was a comparatively abrupt
increase in the current created by positive ions (beginning at altitudes
from ~ 20,000 to ~ 15,000 km). Every time that it retreated from the
Earth, a current drop of a similar type was observed. These collector
current variations are similar to the current decreases observed in 1959
in the charged particle traps on the Soviet lunar rockets as they receded
from the Earth (Ref. 1, 5). As mentioned above, the conclusion was then
drawn that the currents in traps with zero or negative potentials on the
external grids were formed by ions of the Earth's plasma envelope, which
is a direct continuation of the ionospheric regions previously known and
consists of particles with low (thermal) energiles (Ref. 6, 7).

From measurement data of the charged-particle trap-~collector current
in the satellite "Elektron-2" (these data pertain to several tens of satel-
lite revolutions), we may clearly see that there 1s always an accelerated
drop in thermal ion concentration with altitude in the Earth's plasma /181
envelope (ionosphere). This was discovered during isolated measurements
on lunar rockets at heights of 15,000-20,000 km. These gltitudes are
considerably lower than the minimum boundary of the magnetosphere. We
would Ilike to remark that since the current values above 30’10'9amp are
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Figure 5

beyond the range limits of the amplifier, large concentrations of ions
corresponding to the lower part of the ionosphere, where the satellite'’s
perigee is located, could not be determined in this experiment.

Ion concentrations near the Earth were estimated, just as when the
"Tuna-2" data were processed (Ref. 1), from trap collector current magni-
tudes under the following basic assumptions.

(l) The assumption was made that the greatest measured collector-
current value in the vicinity of a given altitude corresponds to congru-
ence between the normal to the trap collecctor and the satellite’s vector
of velocity. In actuality, this corresponded to only the greatest approxi-
mation of these two directions to each other.

(2) The effect exerted by the satellite's electrical potential
relative to the surrounding plasma on the collection of ions in the trap
was not taken into consideration. The validity of this assumption at
altitudes up to A‘3R is corroborated by Serbu's measurements, which show
that this potential at these heights is close to zero (Ref. 1h). Tt is
important to note that in the period from January 31 to February 13, 196L,
when the satellite retreated from the Farth, the sector of its orbit
at altitudes from ~ 3000 to ~ 10,000 km was not illuminated by the Sun,
i.e., there was no photoelectric effect from the satellite's surface at
these altitudes, and its electrical potential relative to the surrounding
plasma could not be positive. 1In addition, as already noted in (Ref. 1),
the ion current in a trap normal to the satellite's velocity vector is
least sensitive to the potential value of the satellite.
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Figure 6 gives a number of values of n; obtained during seven pas-
sages of the satellite near the Earth and their dates. (The encircled /182
n. values correspond to measurements made when the satellite was in the
Earth's shadow.) These data lead to the following conclusions:

(l) As pointed out in (Ref. 1, 7), the thickness of the ionosphere
region in which charged particle concentration is greater than 10° cm”
reaches 15,000-20,000 km.

(2) The altitudinal distribution of n; within this region differs
perceptibly from that cited in (Ref. 1). IFf the altitude dependence of
n; in Figure 6 is very similar to the distribution given in (Ref. 1) at
altitudes above ~ 10,000 km (see Figure 1), the n; values pertaining to
altitudes from 2,000 to 10,000 km are several times larger than the values
for the same altitudes in Figure 1. The new n; data coincide nlore closely
with the results of the different direct measurements of electron and ion
altitude distributions made in 1960 at altitudes from 1000 to 2000 km
(including measurements made with ion traps on the satellite "Kosmos-2"
in 1962, according to which the n, amounts to several units per 10* cn®
at altitudes of ~ 1500 km [Ref. 157).

It should also be noted that the altitude distributions of ion
concentration n-(h) which were obtained by "Elektron-2" in the altitude
region below 10,000 km are in substantially better agreement with the
electron concentration altitude distribution ne(h) obtained by Carpenter
from the data of whistling atmospherics (Figure 3).

We have already pointed out, in publications presenting the results
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of n. measurements on lunar rockets of 1959, that the determined values
of n, might be less than the true values (for example, by a factor of
two). However, at the same time we noted the 1ndub1table reality of
an accelerated drop in n; with altitude at h 2 15,000 km.

Because of the divergent results of the n; determinations on lunar
rockets and on "Elektron—2", we again examined the primary results of the
1959 measurements near Earth using charged particle traps. In so doing
we found that, agpart from inexact information on trap orientation, the
phenomenon of restricted collector current in the on-board current ampli-
fier could affect the nj; value decrease, in comparison with the true
values, in the altitude region below 10,000 km. It is impossible to
ascertain with certainty whether this previously overlooked phenomenon
affected the resultse.

When comparing the results of the lunar rockets and of "Elektron-2" »
we must, however, bear in mind that Obagjashi (Refe 17) - when analyzing
Carpenter’s results (Ref. 11) and those of the lunar rockets (Ref. l)
formulated the hypothesis that the divergence in altitude dependences
presented in (Ref. 1) and (Ref. 11) might be caused by the fact that the
measurements were made over regions of differing latitude. There is /183
reason to assume that the altitude distribution of temperature depends
essentially on geomagnetic latitude. Owing to the essentially anisotropic
nature of thermal conductivity in the magnetosphere and the high tempera-
ture at the boundary of the magnetosphere and the solar wind, at high
latitudes in the agltitude region examined in this report the temperature
may be considerably higher than that at equatorial latitudes. This may
also cause the difference in the altitudinal behavior of ng - The nyg
distribution published on the basis of "Iuna-2" data (which is distin-
guished by small n; variations at heights of 2000-10,000 km) may be
typical of high latitudes. These con51deratlons of Obajashi's on the
difference between the Carpenter and "Iuna-3" data may be applled in
their entirety to the difference between the, "Tuna-2" and "Elektron-2"
data, since the latter - as already noted - also pertain to low latitudes.

An explanatlon of the dlscrepancy between the n. (h) profiles obtained
by "Iuna-2" and "Elektron-2" will finally ensue only after similar new
rocket measurements have been made in the peripheral region of the high-
latitude ionosphere.

Regarding the nature of the Earth's plasma envelope, which represents
the peripheral region of the terrestrial ionosphere, we may say that the
water molecules entering the upper atmosphere due to evaporation from
the Pacific Ocean dissociate under the ultraviolet radiation of the Sun.
The hydrogen atoms thus formed are ionized by charge exchange with ions of
atomic oxygen in the reaction H+O0“H'" + 0. This reaction is intense in
the region where collisions between the particles are still frequent
enough, i.e., up to the base of the exosphere, which, depending on the
phase of solar activity, is located at altitudes from ~ 500 to ~ 1000 km.
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From the base of the exosphere, the hydrogen ions - protons - are
carried upward by diffusion along the force tubes of the geomagnetic

field (Ref. 18).

The question of the degree of ionization in the ilonospheric region
which we are examining is of interest. 1In 1964 V. G. Kurt estimated the
concentrations of neutral hydrogen atoms in clrcumberrestrial space from
data derived from measurements of I;. radiation (X = 1215 A) scatteﬁed by ;
neutral hydrogen (Ref. 19). These measurements were performed on Zond-1 .
Some of his Tigures are presented below.

Re H, kn no, cm™°

1.25 1,600 7.0°10°
1.5 3,200 3.6°107
2.0 6,400  3.1+10°
3.0 13,000 8.5-107
L.0 20,000 5.1°10%

Here R, is the geocentric distance in Earth radii, np is the con~
centration of neutral hydrogen atoms, and H is the distance from the Earth's

surface.

A comparison of these data with the graph in Figure 1 makes it readily
apparent that at the altitudes considered in our report the atmosphere of
the Earth is almost completely ilonized, and the concentration of neutral
particles comprises only a small fraction of the ion concentration. This
fraction diminishes as height lncreases.

In conclusion, we would like to draw attention to the engineering
interest which a study of the peripheral region of the ionosphere holds
for cosmonautics, in addition to its great scientific interest. When
manned interplanetary crafts approach the earth, it 1s obviously desirable
to orient the craft along the velocity vector. Very promising sensors for /184
a system having this orientation are instruments recording the ion current,
whose strength depends on the orientation of the input aperture of the
instrument relative to the velocity vector of the space vehicle (since
utilization of orientation sensors reacting to streams of neutral parti-
cles is precluded, because - as already noted in the report - the neutral
component of the atmosphere at distances on the order of thousands of
kilometers from the Earth comprises only a small fraction of the ionized
component).

A study of the peripheral region of the ionosphere makes it possible

to determine the size of the zone surrounding the Earth, in which a space-
craft may be oriented by ion sensors.
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ROCKXET DATA ON THE BEHAVIOR OF ELECTRON CONCENTRATION
IN THE IONOSPHERE AT ALTTITUDES OF 100-300 KM

T. V. Kazachevskaya and G. S. Ivanov-Kholodnyy

The distribution of electron concentration in the ionosphere has
been studied since 1946 by means of vertical firings of geophysical rock-
ets. Up until the present, there have been about 90 successful experiments
of this type both in the USSR, and abrocad. The present article will
attempt to draw conclusions regarding the laws followed by electron con-
centration changes n, at altitudes of 100-300 km, based only on the
results of direct rocket probes of the ionosphere.

For this purpose, all the results derived from rocket measurements
of n, were compared at different moments for different seasons, at alti-
tud=s ot 100-130 km. The change in lg n, as a function of the magnitude
of lg £, which characterizes the alr mass of the atmosphere (Ref. 1),
was obtained. The change in electron concentration throughout the day
was different for different altitudes and seasons. At all altitudes /185
from 100 to 300 km, there was a significant change in the electron con-
centration as a function of season (winter—summer). The change in
electron concentration depends on the phase of the solar activity
cycle: at altitudes of 110-100 km, during the midday hours, the values
of ng for minimum activity are on the average 1.5-2 times lower, and at
altitudes of 130-200 km they are 20-50% lower on the average, than
during intense solar activity. In the E regioms of the ionosphere at alti-
tudes of 120-130 km, a variation minimum of the values obtained for n. is
observed throughout the solar cycle. ©

The linear dependence of lg n, on lg f - i.e., the following type
of pattern

e

neoc i,

(1)

at almost all altitudes below 200 km is of greatest interest. The
inclination of the lines in the graphs for winter 1s approximately
two times larger than for summer.
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Change In the Parameter 1 With Altitude h

1 - Experiment for summer (lgf > 0.5); 2 - )
Experiment for winter (lg f < 0.4); 3 - Théory
according to (Ref. 2), for 1lg £ > 0.5); L -

The same as for lg £ < 0.5; 5 - theory, accord-
ing to (Ref. 3).

It is also interesting to note that at altitudes of >200 km there is a
decrease in lg n_ in the midday hours (for small values lg f < 0.L4-0.5). At al-
most all altitudes of § 200 km, a maximum of lg n, can be observed for
lg £ ~ 0.4. In the region of 1lg £ = 0.1 — 0.2, there is a minimum of lg O +
Apparently a similar picture is obtained for winter, except for the fact
that it is extended 2-3 times along the abscissa axis. In the graphs for
winter, there is a fairly sharply-expressed peak of n, for small values
of 1g £ 0.4, and a maximum is observed for lg f az 0.6.

The magnitude of 1 [as follows from (1) ] characterizes the rate at
which the electron concentration changes at a given altitude throughout
the day. The values of 1, determined according to the inclination of
rectilinear sections of the dependence of lg ng on lg f, are shown in
Figure 1 for summer (for high solar activity and for 1 2 0.5, as well as
for winter (for lg f > 0.4).

It is interesting to note that 1 > 0.5 at almost all latitudes, and
only in the altitudinal region of 120-130 km is it close to 0.5. As is
known, for the so-called simple Chapman layer which is obtained on the
assumption of monochromatic radiation which ionizes the ionosphere, the
rate at which Ng changes throughout the day is comparatively low. It is
characterized by the value 1 = 0.5, since n¢ = ¢a;a’, and q < f (here q
is the rate at which ions are formed, and a' is the effective recoumbina-
tion coefficient which is independent of f and q). The large magnitude
of 1 and the dependence of 1 on altitude can be explained, if it is
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Mean Profiles n.(h) Based on Rocket Data

For summer: a - for low solar activity; b - for high solar
activity; ¢ - for winter (above 200 km, a high level of

solar activity). 1 - Profiles obtained; 2 - "Transitional
Profiles'"; 3 - Rising-descending profiles. Number of curves -
zenith angle of the sun Zge
assumed that the solar radiation which ionizes the ionosphere is non-
monochromatic. The values of 1, which we obtained on the basis of the
curves for ng as a function of f, are compared in Figure 1 with the
theoretical magnitude of m, which characterizes the rate at which the
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Electron Concentration Change Throughout the Night For
Altitudes of 110 km (1), 120 km (2), and 130-160 km (3)

Curves are calculated theoretically for different recom-
bination coefficients a' (indicated in the Figure) and
different initial values of n, for sunset 1-10% (solid
1ine) and 2.5°10% cm™® (dashed line).

ion formation changes at a glven altitude throughout the day:

(1 o< f—m.

The magnitude of m was calculated in (Ref. 2), based on the rate at
which ions are formed q and the change in this rate as a function of the
zenith distance of the Sun. It was assumed that the ionosphere is ioni- /187
zed by a wide region of the solar spectrum from 10 to 1000 R. We also
determinedthe values of m/2, based on data given in the work by Hinteregger
and Watanabe (Ref. 3), In which the intensity and spectrum of the Sun

(which differed from the values assumed in [Ref. 2]) were used to calcul-
ate q.

The following conclusions can be drawn on the basis of the data pre-
sented in Figure 1: just as for valuecs of 1, obtained from experimental
data, theory provides a minimum value of m in the altitudinal region of
120-130 km. At altitudes below ~ 150 km, larger values of m are obtained
for lg £ < 0.5, which fully explains the differcnce in the values of 1
obtained from data for winter for small values of lg f - and for summer,
for large values of 1lg £ » 0.5. Thus, thc theory which takes into account
the non-monochromatic naturc of ionizing solar radiation imparts fairly
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closely the magnitude and nature of the change with gltitude, and the rate
at which the quantities q and n, increase throughout the day.

Figure 2 presents models of a quiet ionosphere for winter and summer
during high solar activity; these models were constructed on the oasis of
the average values of lg n. obtained for rocket measurements. Each curve
in the figure represents the mean profile of ne(h) at altitudes of 100-
300 km for different zenith angles of the Sun Zg* The profiles for midday
hours (z < 500) differ from the profiles for morning and evening hours:
the gradient of ne decreases with altitude; the values of ng below 200 km
are greater - and above 200 km they are smaller - than for z = 60 — 80°.
As a result, a 'mode" is formed at an altitude of ~ 200 km, where the
morning-evening curves and the midday curves intersect. Thus, at an alti-
tude of 200 km there is a minimum change in n_ throughout the day. For
Zo > 70 — 80°, there is a monotonic decrease in ng with an increase in
zo &t all altitudes, while the form of the profile for n,(h) remains 188
unchanged. The electron concentration gradient increases with gltitude,
not only when the Sun approaches the horizon, but also during winter it
is higher than during summer and increases during the period of intense
solar activity.

A maximum of n, is formed on the curves for zg > 60° in the 100-120 km
region, and also theére is a "gap' in the profile of ne(h) above the E region.
Thus, as the Sun approaches the horizon there i1s a build up of the maximum
and the gap above it.

Several important conclusions can be derived from an examination of
rocket measurements of the profilesfor ne(h) during the night time. One
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characteristic of the nocturnal profiles of ne(h) is the eﬁistence of a
fairly well-expressed maximum at altitudes of 100-120 km ("of the noc-
turnal layer E"). Above this maximum there is a significant decrease in
ng at altitudes of 125-150 km and sometimes higher, after which ng again

begins to increase. The reason for the formation of the "nocturnal layer
E" and "the gap" above it has not been clarified as yet. Holmes and others

(Ref. h), after analyzing the mass-spectrometer measurements of the ion
composition, concluded that this behavior of the nocturnal layer is re-
lated to an increase in the dissociative recombination coefficient with
altitude - i.e., with temperature. However, this explanation contra-
dicts existing data. The existence of an ionization source during the

night time at altitudes of 100-120 km represents an alternative solution.

In the description of the mean ionosphere model presented above, it was
shown that a maximum is formed at altitudes of 120-130 km, as well as a
gap in the profile of ne(h) above it, in the ionosphere, due to the
characteristics of the spectrum for solar ionizing radiation toward
evening.

Figure 3 depicts the change in 1lg n, as a function of time T which
transpires after the Sun has set - more precisely, after total attenua-
tion of soclar ultraviolet radiation has set in at altitudes of 110-120
and 125-150 km. Lines are used in Figure 3 to denote the decrease in
Ng for a constant recombination coefficient a' equalling
1:107%, 3.5:107°% and 1.1077 cm®-sec™® for two possible values of the
zenith angle during sunset, 92 and 950. It can be seen that the values
of ng in the E layer are greatly scattered, and if they decrease during
the night time, then ol < 1078 em® esec™t (under the condition that
there is no nocturnal ionization source). n, decreases during the night

time considerably more rapidly with a' = (3.5 — 10)+107° cm®+sec™ in the

region of the "gap" at altitudes of 125-150 km. Since the magnitude of
a' must decrease with altitude due to temperature increase, and since a'
corresponds to the diurnal value at 125-150 km, then the existence of g
nocturnal ionization source, which is variable in terms of intensity,

is confirmed. The attenuation of this nocturnal ionization source is
characterized by a constant time T &:(a'ne)'l 2.3'104 sec during the
night time. It can be estimated that the strength of the nocturnal
ionization source increases by a factor of ten and even 100 in the E
region, during a period of intense solar activity.

When the altitude variation of the E and F regions of the ionosphere

is investigated, it is found that the altitude of the base of the E re-

reglon depends on the season, and decreases with an increase in geomagnetic
activity. The altitude of the base of the E region is lower during winter
and summer than it is during autumn and spring. There may be a connection

between the variation of hp and the density variations in this region of
the upper atmosphere.

Figure L presents the altitudinal variations of the F layer through-
out 24 hours. During the night time, the altitude of hp depends on solar

activity, decreasing from the 350-370 km level during the maximum period

down to 300-320 km during the minimum period. At midday, the altitude of
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the F layer is greater during summer and fall than it is during winter,
at LO-50 km during low solar activity and at ~ 20 km during high solar
activity. 4An unusual "sunrise-sunset" effect has been discovered: sharp
variations in the altitude of h_ over a comparatively short time iInterval
of 2-3 hours. Similar variations in hy were estimated qualitatively
based on earlier results of radio probe ionosphere stations. If consid-
eration is given to the fact that the altitude of the F layer maximum is
approximately determined by the equality between the recombination and
diffusion of charged particles, it can be assumed that the complex
diurnal variations in hp are not only caused by temperature varilations,
but also by ionization rate variations, as well as by variations in the
atmospheric composition.
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EIECTRON AND ION TEMPERATURES IN THE IONOSPHERE®
(Summary )

T. Ko Breus and G. L. Gdalevich

Temperature 1s one of the main parameters characterizing the iono-
sphere. It makes it possible to obtain a great deal of data on the nature
and magnitude of thermal sources heating the atmosphere of the Earth.

Temperature is studied by three basic methods - direct measurement on
rockets and satellites, indirect determinations (for example, based on the
altitude profile of ion and electron concentrations), as well as the method
of inverse, non-coherent scattering.

The lack of direct measurements up until recently, as well as the
ambiguity of indirect temperature determinations, has made it impossible to
establish experimentally the relation between electron and ion temperatures
in the ionosphere.

FBarlier theoretical calculations (Ref. l) indicated that the electron

1 This summary will be published in its entirety in the Journal "Kosmiches-
kiye Issledovaniya", 3, No. 6, 1965.
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temperature in the F layer can differ significantly from the ion tempera-
ture. However, due to the great indeterminacy of the parameters necessary
for computation (the use of understated values of these parameters) the
conclusion was subsequently reached that temperature equilibrium exists

(Ref. 2). /190

Experiments on rockets and satellites have made it possible to obtain
valuable information regarding the ionosphere characteristics necessary
for computation, and have directly established a relationship between
Te and. Tl.

On the basis of experimental data, the models of electron temperature
distribution with altitude have been recalculated (Ref. 8—10). Basically
they agree with the results of direct measurements of T, and Ti during the
daytime.

The present report discusses the results of direct measurements of
T, and T; on the satellites "Explorer-8", "Explorer-17", "Alouette-1",
"Ariel-1", "Kosmos-2" as well as on American and Japanese rockets (Ref. 1l-
17). Results obtained by the method of inverse non-coherent scattering
are also discussed (Ref. 18, 19).

An analysis of these results has provided a certain clarification of
the diurnal, latitudinal, and altitudinal dependences of electron tempera-
ture up to ~ 1200 km, since ion temperature was measured in three experi-
ments in all and not even the results of one of them have been published
(Ref. 15, 17).

Figure 1 presents the diurnal variation in T_. in the altitudinal
region of 250-500 km, based on data from "Explorer-8" (curve 1),"Explorer-17"
(2), "Ariel-1" (3), and "Alouette-1" (h and 5). There is a clearly-
expressed maximum during the morning hours immediately after sunrise in the
majority of the curves.
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Figure 2 presents the daily measurements of T, and Ts during
different years in different experiments [in the Figure: 1 - based on
data from 'Explorer-8" (November, 1960); 2 - "Ariel-1" (April, 1962); 3 -
rocket (March, 1961, Japan); 4 - "Kosmos-2" (April, 1962); 5 - U.S.A.
(August, 19625; 6 ~ "Explorer-17" (April, 1963); 7 - rocket (March, 1963,
Michigan, United States); 8 - United States (August, 1962); 9 - rocket
(August, 1960, Wallops Island, UsS.A.); 10 - "Kosmos-2" (April, 1962) ].
Electron temperatures measured on rockets are designated by the solid
lines; measurement results for T; are designated by the dashed line (h, 5)e
It can be seen from Figure 2 that the Te/Ti ratio is significant in the
region of the F layer maximum, while at the mean latitudes (where the
experiments were conducted primarily) it can be greater than two.

Data from non-coherent scattering have confirmed these results, and
indicate that Te/Ti a~ lel — le3 at low latitudes above the F layer maxi-
mm, while at high latitudes it is ~ 1.6.

Up to LOO km there is a significant altitudinal temperature gradient
(see Figure 2). Above 400 km the measurements performed on satellites /191
are complicated by latitudinal and diurnal effects and are contradictory.
Data from non-coherent scattering are ambiguous, and make it impossible to
draw a definite conclusion regarding the altitudinal behavior of tempera-
ture.

. Based on dat% from non-coherent scattering and from results obtained
on "Ariel-1" and "Explorer-1T", one finds that the electron temperature
increagses with an increase in latitude.

Future experimental studies of temperature are necessary both for
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understanding the physics of the lonosphere, and for clarifying and
developing theoretical models. It would be desirable to perform probe
measurements, which are the most reliable, on rockets (clarification
of the altitudinal behavior) and on satellites with a circular orbit
(latitudinal dependence). Experiments measuring T, .. tpq1 Should be
carried out simultaneously with measurements of Ty and T;, since -

for altitudes of > 750 km - the ion temperature can differ significantly
from the neutral gas temperature and equal the electron temperature

at altitudes of > 1000 km - according to theoretical calculations.
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COMPOSITION OF THE OUTER IONOSPHERE OF THE EARTH BASED ON
MEASUREMENT DATA FROM THE "ELEKTRON" SATELIITES

V. G. Istomin

The satzllites "Elektron-1" and "Elektron-2" carried radio-frequency
mass spectrometers (RMS) of the Bennett type (Ref. 1). The mass spectro-
meters operated in a regime for measuring the ion composition and were
designed to study the positive ions of the outer ionosphere. Memory
devices were not employed on the satellites for information obtained from
the mass spectrometers, and che measurements of ion composition were only
performed using "direct transmittal'.

The minimum altitude at which data were obtained on the ion composi-
tion was determined by the altitude of the satellite perigee and was
sbout 400 km. The altitude of "Elektron-1" perigee was LOT7 km. The
initial sltitude of the "Elektron-2" perigee was 460 km, but - due to
regression of the orbit - it decreased approximately to 410 km.

The maximum altitude for the mass spectrometer operation was deter- /193
mined by the satellite coordinates when the period of communication was
terminated. The maximum altitude at which measurements were made of the
ion composition on "Elektron-2" was 2750 km (revolution number 2, January

31, 196L4).

Ton composition was measured in the northern hemisphere primarily in
the region from 10 to 61°N. Due to the fact that the satellite altitude
above the surface of the Earth and the geographical latitude of a point,
above which it was located at a given moment, were clearly related to each
other, measurcments on all the revolutions represent altitudinal-latitudi-
nal cross sections of the atmospherc. Figure 1 presents the orbits of
the "Elektron" satellites at the "altitude—geographical latitude" coordi-
nates. Measurements were performed during the daytime. In the region
of the perigee, the composition was studied between 9-16 hours local solar
time. Measurcments at altitudes of 1000-1500 km were performed between
T7-20 hours local time. Thls is 1llustrated in Figure 2, which presents the
sections of the "Elektron-2" orbit, at the "altitude- local solar time"
coordinates, at which the ion composition was meabured. It can be seen
from this figure that the altitude of the "Elektron-2" perigee was not
constant, but regressed from spproximately 460 to 410 km (revolutions
49-60), and then it again began to rise.

The spectra obtained during optimum orientation of the mass spectro-
meter, with respect to the satellite velocity vector, were selected in the
recordings. A minimum angle between the analyzer axis and the velocity
vector, as well as the absence of shadlng from the incoming stream in
the region of the analyzer input, correspond to optimum orientation. These
optimum spectra, for which the ion streams of all the components were maxi-
mum, were utilized to determine the ion composition of the atmosphere. It
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Orbits of the Satellites "Elektron-1" and "Elektron-2" at the
"Altitude-Geographical Iatitude"” Coordinates (For the Northern Hemisphere)

is clear from general considerations that the least distortion in the compo-
sition of ions entering the reglon of the mass spectrometer input can be
expected during the moment of optlmum orientation .

As is indicated by an examination of the ion trajectories in the
instrument analyzer, in this case the discrimination of ions having dif-
ferent masses will also be minimum in this instrument.

For many reasons, it is difficult to perform a theoretical calcula-
tion of the change in a stream of ions having different masses at the
collector of the radio frequency mass spectrometer as a function of the
analyzer angle of attack. In the first place, difficulty is encountered
in determining the thermal ion velocities and in making a definite deter-
mination of ion component temperatures. The fields outside of the
analyzer, the configuration of the pulling grid field in the Debye region
of the space charge, as well as the configuration and dimensions of this
region, are only known in an approximate manner. Finally, the complex
configuration of the satellite itself occasionally complicates the pic-
ture. If there is an adequate amount of observational material, it is
possible to obtain the dependences of ion streams having different masses
on the angle of attack in the experiment itself, and then to reduce all
the measurements to a zero angle of attack - taking into account, when
necessary, discrimination with respect to mass for this simple case.

For purposes of illustration, Figure 3 presents the dependence of
ion streams having a mass number of 16, obtained on the third artificial
Earth satellite, as well as a very approximate dependence which would be
expected for ions having a mass nunmber of 1. Thus, it can be seen in {l9h
gualitative terms that, in the casc of an angle of attack which is differ-
ent from zero, the measurements must yield exaggerated values for the
concentrations of lighter ions. This fact should be kept in mind when
studying the results presented below for ion composition measurements.
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Sections of the "Elektron-2" Orbit at the "Altitude-Mean Solar
Time" Coordinates, at Which the Ion Composition Was Measured

Description of the Experiment and Operational Regime
of the Instruments

Radio frequency mass spectrometers were used on the "Elektron"

satellites with a variable counter potential. We should recall
that the magnitude of the counter potential, established in the RMS¥
analyzer, is determined by the choice of the analyzer operational
regime (for example, by the desired magnitude of the resolving power),
and depends on the number of cascades %steps) of the RMS analyzer and
on the effective value of the high-frequency potential. The relative
magnitude of the counter potential U,,,o7 1s determined as the propor-
tion of the total energy increase obtained by ions in the high-frequency
analyzer cascades:

Upre1= Ue/AW = & [3-2,05-U o oo (1)

Here Uhf-eff is the effective high-frequency voltage on the analyzer
grids. TFor a three-cascade EMS, th=2 regimes usually employed with
respect to the relative level of the counter potential range between
0.8 and 0.95. Figure 4 presents a typical graph showing the dependence
of the resolving power and the ion stream of a three-cascade analyzer

on the counter potential. It can be seen that the resolution R=M/AM=20
is achieved for a value of U,.po1 Which equals 0.95. A decrease in the
counter potential to a value of < 0.8 causes spurious peaks to appear in
the spectrum (so—called "hWarmonic" peaks) for a resolution of the main
peak which is less than 10. A decrease in the resolving power is natur-
ally accompanied by an increase in the ion stream, and consequently

in sensitivity.

* Note: RMS designates Radio Frequency Mass Spectrometer.
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Relative Dependence of the Ion Current ie/i9=e on the

Angle of Attack 6 for the Analyzcr of the Radio-Frequency
Mass Spectrometer
1 - for O+ jons (base?! on data from the third AES); 2 -

for H+ ions (approximately).

The operational regime of the analyzer is determined in the satellite
not only by the potentials established in the laboratory, but also depends
on the relative ion energies - i.e., on the satellite velocity and on the
potential ¢ with respect to the plasma. The effective counter potential
is determined as

U .err=Uc+ 9 —AU,, (2)
The instrument regime will be established by the relationship /195
Uc.ete[AVW = Ue.eff [3-2,05 Unf.eff (3)

Even if the influence of the satellite potential ¢ is not taken into account,
the large relative wvelocity of the ions decreases U.by anappreciable amount

AU, == 5,2-M -0 g [v],

where M is the %on mass 1n atomic mass units; Vg 1s the satellite velo-
city in kmesec”

For a satellite velocity of 10 km-sec'l, the effective counter
potential for He* and 0" ions is lowered by 2.08 and 8.3 v, respectively.
As can be seen from Figure U4, such a change in the level of Uc-eff for
the analyzer regimes employed can make the resolution substantiglly
worse, and can also lead to the appearance of harmonics, thus making an
interpretation of the results more difficult.

However, the appearance of harmonics in the spectra is not the only
troublesome phenomenon. Due to the fact that the relative amplitude of
the peak harmonics is a function of the counter potential, the possibili-
ty arises - according to equation (2) - of determining the magnitude of
the satellite potential and its variation during the measurements. The
dependence of the relative amplitude of the harmonic peak on the values
of the absolute and relagtive counter potentials is also shown in Figure
h. Tt can be seen from this figure that a change (decrease) in U, by 1 v

262



iNt?- - - | P |
1500+ 30
1000 + —20
500 0, 70
-q/
L v v - ot ]
g75 08 485 g9 _ 095  Wloyel
Counter Potential,v
| I [ S DN SRS
Jo 32 a4 J6 78 ug
Figure 4

Dependence of MX-6405 Mass Spectrometer Parameters on the
Counter Polential (According to the Neon-20 Peak,

Iaboratory Measurcments)

1 - ion current (arbitrary units); 2 - relative mag-
nitude of the harmonics; 3 - resolution (5% of the

peak height)

(at the point Uc~rel =

0.8, which corresponds to U. = 33.5 v) increases

the relative magnitude of the neon harmonic peak in the occupicd spectrum

of the RMS analyzer from

harmonics from the mass RMS spectra

0.017 to 0.095.

It is poscible to exclude the
obtained on the satellite by intro-

ducing an additional counter potential which chan;es synchronously with

the scanning voltage (according to a saw-tooth law).

effect of a synchronous c

hange in the U, )

The almost analogous

level can be obtained as

follows from equation (3), when there 1s a corresponding change in the

amplitude of the high-Tre
(Ref. 1).

quency voltage supplying

the RMS analyzer

/196

The MX-6405 instruments located on the "Elektron' satellites have
a system for supplying additional counter potential, which compensates

Tor the influence of the

satellite velocity.

In addition, the satellite

"Elcktron-1" ("lower") contains a device which periodically switches on
this system, thus making it possible to increcasc the mass spectromcter

sensitivity.

It also makes it possible to clearly determine the effect
produced by using a variable counter potential system.

The device for

changing the regime (the regime switching block-RSB) can be clearly seen
in the photograph of the MX-6405 instrument (Figpurc 5).
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MX-6405 Mass Spectrometer Carried by the Satellite
"Elektron-1". The Switching Regime Block RSB is
Clearly Visible

In order to increase the effective input of the device, and conse-
quently its sensitivity, a pulling potential of 60 v was supplied to
the first analyzer grid. Due to the fact that discrimination of ions
having different mass numbers can occur in the field of the first grid
(which must be given particular consideration when the ions having
essentially different mass numbers are analyzed), the RSB device on the
"Elektron-1" satellite periodically switched on the pulling potential.
A comparison of the data obtained in these two regimes makes it possible
to determine the effect produced by discrimination in the field of the
pulling grid of the BMS. The Table below presents the basic characteris-
tics of the MX-6L05 mass spectrometers located on the satellites
"Elektron-1" and "Elektron-2", and also presents the operational regimes

of the instruments.
Results

The mass spectrometers functioned in good working order throughout
their entire period of operation (data on the ion composition exist for
the period from January 30 to March 12 for the "Elektron-1" satellite
and for April 1, 1964 for the "Elektron-2" satellite). In spite of the
fact a great number of spectra which were fully suitable for analysis
were obtained from both satellites, we shall only present here the results
%erived from messuring the ion composition based on data from the

Elektron-2" satellite (upper).

Figure 6 presents typical spectra of ion masses obtained on the
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(February 19 and 21, 1964)
The mass peaks of atmospheric ions are deslgnated by the appropriate symbols;
the harmonic pesk of the Ot ions, the second light harmonics, is designated by the letter I.
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Ion Streams of Ionosphere Components - Hydrogen, Helium, Nitrogen
and Oxygen, Recorded on the Satellite "Elektron-2", February 21
: (Revolution 24)

satellite "Elektron-2" at altitudes of 1300, 725, 615, and 425 km. The
spectra were obtained in the daylight hours (ll, 12, 16 and 14 hours local
time at latitudes of 25, 38, 60 and 56°, respectively). The first two
spectra were obtained on February 21,(revolution 2&), while the third and
fourth spectra were cobtained on February 19 (revolution 22). As can be
seen from Figure 6, the subranges of light (1-2 amu) and of mean (4-3L amu)
mass numbers were analyzed successively in terms of yields of low, mean,
and high sensitivity on the satellite "Elektron-2". The polarity of the
signal at the high-sensitivity yield is opposite that of the first two.

It can be seen that mass peaks of atomic hydrogen " (M = 1) and atomic /198
oxygen 0" (M = 16) ions are predominant in the spectra. Less intense
peaks with M = 1L (atomic nitrogen N*) and M = L (helium ions He') can
also be seen in the spectra. The pzak having the mass number M = 8 is the
so-called second light harmonics of the peak with M = 16 (exact value of
its mass number is 0.485 M = 7.8 amu). Due to the use of an alternating,
counter potential regime, the second harmonics is suppressed significantly,
while the first harmonics is completely absent in the spectra under
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TABLE

Parameter

Mass Range.
Resolving power (accordlng to
criterion of 5% peak amplltude,
laboratory regime) . . . .
Duration of Scanning . .
Frequency of high-frequency
voltage supplied .
Amplitude of high- frequency
voltage .
Potential of flrst grld
(pulllng potentlal)
Instrument constant

consideration.
unambilguous .

' 0.153

"Elektron-1"
(lower)

1- u, L~ 3&

20
3.5

2.2  Lh.08

8.4
-60 or O

90 10.05
0.067

"Elektron-2"

Dimensions
(upper)
1-2; L4- 34 amu
20
3.3 sec
16.4  L4.08 Mc
8.9 v
-60 v
162 10.05 v/ amu
0.23 0.07 sec/amu

This fact makes an interpretation of the peaks simple and
Tt can also be seen in the spectra in question that even

at a minimum sltitude of 425 km no peaks are observed with mass numbers

of M = 28, 30, and 32.

Figure T presents an example of data obtained during one passage of

the satellite "Elektron-2" above the USSR.
recorded ionosphere components (amplltudes of ion peaks)
The altitudes of the satellite above the Farth's

Periodic fluctuations in the peak amplitudes in

function of time.
surface are also given.
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the spectra are caused by a change in the "angle of attack”" of the RMS
tube due to the satellite rotation. Data which are least distorted
regarding the ion composition are obtained during time intervals corres-
ponding to ion stream maxima - i.e., at moments of minimum BMS angle of
attack (this is illustrated qualitatively in Figure 3).

It can be seen from Figure 7 that the maximum amplitudes of the
H peaks decrease, while the 0" and N peaks increase, with a deC£ease
in altitude. It can also be seen that the ion peaks of helium He are
small throughout the entire altitudinal region from 1300 to 455 km.

The fact alone that positive ions were recorded by an instrument
placed on the satellite points to the fact that the satellite potential
with respect to the unperturbed enviromment was, at least, not positive.
This is due to the fact that the potential of hydrogen ion braking on the
satellite moving at a velocity of 10 km-sec™ is approximately 0.5 v.

Future determination of the satellite potential is possible by means

of an exact measurement of the position of 0" and N peaks on the scale

of mass numbers (Ref. 2). The mass numbers of peaks 14 and 16 (taking

into account a correction for relative ion velocity, equalling the

satellite velocity) differ from whole values by a magnitude of

AMr3E> = - 0.2 amu, which corresponds to a satellite potential of ¢ = - 2 v.
This potential is determined to an accuracy of possible quantities of the
contact potential difference between the satellite frame and the tube
electrodes of the mass spectrometer, which barely exceeds fractions of a
volt.l Taking this into account, we can apparently assume that the mass
spectrometer on the satellite "Elektron-2", for all ion components includ-
ing the H ions, operated as a probe in the "saturation current" regime

(in the region of the left section of the volt-ampere characteristic curve).
This provides a basis for assuming that there must not be significant dis-
crimination of ions having mass numbers of 1 and 4 with respect to ions
with M = 14 and 16 in the accelerating field of the satellite. Discrimina-
tion in the satellite field can appear when the ion direction of motion
deviates from the normal to the surface gt the location of the RMS analyzer,
particularly in the pulling field of the first analyzer grid. One very ZgQO
significant effect is the 'discrimination with respect to angle of incidence”
of the heavier lons in the analyzer, when its axls deviates from the velo-
city vector of the satellite. Discrimination with respect to angle of
incidence can be taken into consideration, if the angle between the analyzer
axis and the satellite velocity vector is known.

Discrimination of ions in the analyzer with respect to accelerating
voltage is another complicating factor. The form of the discrimination
curve with respect to accelerating voltage for the MX-6L05 instrument can
be clearly seen in Figure 8 (the dependence is recorded based on the peak
of neon-20 in the analyzer occupied spectrum under laboratory conditions).
Since discrimination with respect to accelerating voltage is particularly

1 The effects of "polarization" of dielectric films on the electrodes or
the satellite frame can also play a significant role.

268



h kM 1"
. Elektron-2" . -
600 - 2", Rev. 13-19 d
o —H*
R
1600 - 0 P:
14900+ i
1200 +
1800 —
800 +
600+
400'
"Elektron-2", Rev. 13-19
h s
1200 |- N R 0 O He*
\\ He*
an®
1000 L~
Y
€00 ° o
D
600 [u2]
DG / o
400 _9’.&11.AA|_ i AD foaoaaal . |
/ 0 100 %

Figure 9

Change in the Relative Concentration of Atmospheric Ion
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Diagram Illustrating Ion Composition of the Outer ITonospherc
(February 10-16, 1964, afternoon hours)

large for ions developing at the beginning of mass number scales, and since
the discrimination curve recorded for neon does not encompass the requisite
region, discrimination w1th respect to helium ions He' was also studied.

Tt was found that the He' peak amplitude, produced at the beginning of the
subrange of mean mass numbers (generator frequency 4.08 Mc per hour, lover
scale of masses in Flgure 8) differs from the amplitude of the peck pro-
duced "in the normal way in the range of light mass numbers (ﬁoneraior
frequency 12.2 Mc per hour, upper mass scale in Figure 8) by a factor of
2-l depending on the analyzer regime with respect to thc counter potential.
A mean discrimination factor of three was assumed in order to process the

data cited here.

Apart from consideration of discrimination with respect to accelerating
voltage, ion streams of hydrogen and helium lead to a nominal regime with
respect to the counter potential, taking into account the satellite velocity
and magnitude of additional counter potential for all the peaks. The rcgime

Ueral = Upepr /A1 = 0,924 0,01,

which was produccd for ions of atomic nitrogen and oxygen was used as the
nominal regime.

Figure 9 presents data on the relative concentration of HI+,ILIe+,1\I'+ and 0"
ions in the ionosphere at altitudes of from 44O to 1800 km; these data werc
obtained on revolutions 13-19 in the period from February 10 to February 16,
196k. These data pertain to afternoon hours (14-19 hours local time). Due
to the small number of representative points obtained in a scction of cach
revolution, and due to our indefinite information regarding the analyzer
orientation with respcct to the velocity vector - which would be necessary
in order to obtain data frece from random errors to a large degree - we
must examine the results derived from measurements on several consecutive
revolutlonz. The pfOCLSSlng procedure consists of correcting the recorded

values of H and He' ion streams. The coefficlents for reduction to a
nominal regime for H" and He' were determined as 0.53 and 2.0, respectively.
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The discrimination factors with respect to acceleréting vgltage were deter-
mined as 1.0 and 3.0. The relative concentration of the M component was
calculated Trom the equation

y i.\l"‘ . . 0z .
I = 0534100 4 6 ipgee -+ i ige 00 (%)

where in, iHe+> iN*, io+ are streams of the corresponding components;
iM+ - the same streams for hydrogen, helium, nitrogen, and oxygen, multi-
plied by the coefficients 0.53; 6.0; 1.0, and 1.0, respectively.

In spite of the significant scatter of points on the graphs in
Pigure 9 (this pertains particularly to data for He and N ), the main
rules followed by a change in ionosphere composition with altitude are
fairly well exprecsced: 0" and H" ions are the mfin components at all
altitudes. Under given conditions, the O and H ion concentrations
become equal at an altitude of 900 km. Based on data shown in the
graphs of Figure 9, and taking the fact 1lnto account that molecular ions
were not detected in messurements on the "Elektron' satellites, a dia-
gram was constructed showing the outer ionosphere composition. This dia-
ram is shown in Figure 10. The basic differcnce between the models /202
%Ref. 3) existing up to the present time and the experimental data derived
from probe measurements of the composition (Ref. I, 5) consist of the fact
that helium ions are not the predominant ionosphere component at any alti-
tude, based on measurements on the satellite "Elcktron-2". With an
increase in altitude, the "oxygen" ionosphere changes directly into a
"hydrogen" ionosphere, the so-called protonosphere. The result coincides
with data from a mass spechbrometer experiment conducted by Taylor and
coworkers (Ref. 6). In this experiment they studied H and He' ions to-
gether with the total concentration of positive ions up to an altitude of
940 km. This result also coincides with data derived by Bowles and co-
workers (Ref. T); these data were obtained by non-coherent scattering of
ionosphere radio waves.

Unfortunately, it is not possible to acknowledse all of those indivi-
duals who assisted in the successful performance of this work, beginning
scveral years ago. The development and preparation of the mass spectro-
meter was conducted under the guidance of V. A. Pavlenko and A. E. Rafal'son.
I would like to thank the supervisors, M. Ye. Slutskiy and B. I. Zarkhin,
who guided the execution of the work, for their great contribution in devel
oping the mass spectrometer for the 'Elektron" satellite and for their
cooperation in performing the work at all subsequent stages. The coworkers
of the RMS group also rendered substantial assistance: engineer A. A. Perno
and technician S. V. Vasyukov. Finally, the mcmbers of the staff of
G. N. Zlotin - T. A. Zaglyadimovoy and N. V. Bul'ulychevoy - made an invalu-
able contribution in processing the results obtained.
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ONE ANOMALY IN ELECTRON PITCH-DISTRIBUTIONS

0. L. Vaysberg, F. K. Shuyskaya

The satellite "Kosmos-5" carried narrow-beam charged particle sen- /203
sors (Ref. 1). These sensors recorded a directional intensity of elec-
trons with energies > LO kev in the region determined by the satellite
orbital parameters, i.e., for L £ 2.0 and for altitudes h < 1600 km. The
satellite was not oriented, and rotated around its own axis, which was
approximately perpendicular to the sensor axes, with a period of 3-4 min-
utes. We did not have data on the satellite orientation at our disposal,
and therefore tried to determine it. Employing the readings of the solar
orientation recorders and the sensor readings as supplementary readings,
we were able to determine the orientation of these sensors for 5 revolu-
tions. Thus, the error entailed in determining the sensor directional
angle with respect to the magnetic force line did not exceed 5—100, as a
rule.

After subtracting a small signal, which was not dependent on the
pitch~angle and which was caused by protons with 2 20 Mev energy, from
the sensor readings, we obtalned the dependence of the directional
intensity of electrons with energies > 40 Mev upon pitch-angle for each
time the plane perpendicular to the force line was Intersected by the
sensors. These pitch-distributions could thus be used to obtain the
specular point densities along the low section of the force line, if the
electrons move along the force line with conservation of the momentum.

The processed material shows that there is satisfactory agreement
between the density of specular points, obtained according to the pitch-
distributions, and the electron intensities, which were observed
at an angle of 90° to the force line and which were obtained when the
satellite passed at other times through the interval L under similar con-
ditions (similar longitudes, similar local time). However, the scatter
between them was great. The widths of the pitch-distributions show that
there are significant systematic changes, which exceed the total scatter
and observational errors. Figure 1 shows several of these pitch-
distributions. Longitudes and local observational time are given for /204
them.

The pitch-distributions obtained can be divided into three groups
(during the time between the launch on May 28 and the high-altitude
American thermonuclear explosion on July 9, 1962,which greatly changed
the radiation environment, the semimajor axis of the "Kosmos-5" orbit
did not make a complete revolution, and therefore the observations do
not encompass all longitudes or all times during the day):

1)-180°< A < -100°; Ty ¢ 15 hrs. 30 minutes - 22 hrs. 00 minutes;
2)- 60°< X <+ 20°; Ty~ 6 hrs. 20 minutes - 13 hrs.L40 minutes;
3)+ 20°< A < + 55°; Ty ~ 13 hrs. 4O minutes - 15 hrs.50 minutes.
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Figure 1

Pitch-Distributions of Electrons with E.> 4O kev Energy
For Three Intervals L According to "Kosmos-5" Data (June, 1962)

Equatorial pitch-angles were obtained from the condition of mag-
netic moment conservation. The local time is indicated by an
arrow above each distribution (see dial in the upper left corner) .
Iongitudes are given below. 1 - Group I of pitch-distributions;

2 - Group II; 3 - Group III.

Figure 2 shows the specular point densities, compiled according to pitch-
distributions, in B, L-coordinates for these groups of pitch-distributions.
As can be seen in Figure 2,a, wide pitch-distributions are observed in the
longitudinal range to the west of the South Atlantic anomaly, and signifi-
cant intensities are observed for those values of B which these electrons
must overcome in the anomaly region when drifting in an electrically

neutral geomagnetic field. The piltch-distributions have narrower edges

in the anomaly region. However, the density of specular points does not
change significantly at the anomaly output for B(hmin > 200 km). Beginning
with A &~ O and A a 20°, there is a contraction of the observed pitch-
distributions, and the narrowest pitch-distributlons are observed in the
+20-+60° longitudinal range (Figure 2,c). As far as can be determined from
fragmentary data for L ~ 2, the return to wide pitch-distributions takes

place toward A ~ 120°.

The recording of trapped electrons in the geomagnetic field region,
where they must be destroyed during a period of time which is less than
one drift period, has already been reported in (Ref. 2-4). The longitud- /205
inal effect was recorded by Vernov and his coworkers in the outer zone
(Ref. 5). It was later discovered at smaller L (Ref. 3, 6, T), and the
phenomenon is usually explained by scattering and particle absorption
when denser atmospheric layers are penetrated. Contraction of the pitch-
distributions in the observations described, which takes place at the
anomaly output and which corresponds to a decrease in intensities observed
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B, L-Distributions of Specular Point Densities Obtained
According to Pitch-Distribution of Electrons With
E > 4O kev at Altitudes of 1000-1600 km, Under the
Assumption of the Magnetic Moment Conservation,
According to "Kosmos-5" Data (June, 1962)

a - Group I of gitch—distributions; 1- 0.32-106,
2 - 0.65-10°, 3 - 1.3°10°%, L - 2.6-106i 5 -
5.2-10°,6 - 10.5.10%electronscm 2e.sec testerad ;
b - Group II; ¢ - Group IIT.
The experimental point scatter is shown for 2, L, and
G levels of intensity.

in this region on other revolutions where the orientation was not known,
occurs at those altitudes (> 600 km) where, according to existing opinions,
it cannot be explained only by scattering in the atmosphere. Based on
exlisting theoretical assumptions (Ref. 8«10), 1t was assumed that the
observed phenomenon 1s at least partially caused by the existence of elec-
tric fields in the magnhetosphere. Electromotive forces, which are produced
in the dynamo-region, must penetrate the capture region and distort the
drift of low-energy particles, due to the high conductivity along the ceo-
magnetic force lines. The observed systematic change in the width of the
pitch-distributions for electrons with ~ 100 kev energies can be caused by
an electric field having a strength on the order of 10 %veem t. Therefore,
the energy of these electrons must slso change.

A harmonic analysis is presently being conducted for all existing
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electron observations on the "Kosmos-5" satellite for L < 2.0, in order
to clarify the relative role of the longitudinal and daily phenomena.
Preliminary data show that the role of the daily phenomenon is at least
no less than that of the longitudinal phenomenon in the observed varia-
tions. The daily shift with respect to B of electrons recorded coincides
with the theoretical shift (Ref. 11). In addition to the systematic
shift, there are also random fluctuations, whose magnitude exceeds the

‘observational error.
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VARTATIONS IN THE SOFT COMPONENT OF THE EIECTRON ENERGY SPECTRIM
Te M. Mulyarchik

The construction and operation of electron sensors carr’ed on the
satellites "Kosmos-3" and "Kosmos-5" are described in (Ref. 1-3). The
curves for the sensor sensitivity are given in (Ref. 4). The readings
of three sensors, which were parallel to each other and which had foils
of 0.4, 0.6, and 1.1 mgecm 2, for different accelerating voltages (3.8,

6, 11 kv) were employed to determine the energy spectrum. An increase

in the electron energy recorded due to the accelerating voltage leads to a
signal increase (positive modulation) for an energy of < 30 kev and to

a signal decrease (negative modulation) for 50-150 kev energies. /206
Electrons with energies of 35-50 kev and more than 150 kev undergo
practically no modulations. The signal ratios for three sensors without
accelerating voltage in the 0-40 kev region strongly depend on the

recorded. electron energies, and remain almost constant for E > 50-T0 kev.
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Figure 1
Example of Electron Energy Spectra Observed in

Different Regions From the Satellite "Kosmos-5"

Energy i1s plotted along the abscissa axis; rela-
tive differential intensities of electrons (per

1 kev) in different energy groups are plotted on
the ordinate axis.

By combining the ratio of three sensor signals with the sign and
magnitude of the modulation, we can determine the energy spectrum of
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Geographic ILocation of Negative and Positive Modulations

1 - positive modulation, 2 - negative modulation, 3 - zero
modulation. All observations for which L < 2 are plotted.
Two drift trajectories are given as an example.

electrons recorded. The energy spectrum of electrons with E = 50 kev was
complled according to data in (Ref- 5), which compared all measurements
for the energy spectrum of electrons with E > LO kev carried out before
July 9, 1962. If it is assumed that N(E < LO kev) dE = O, and

N(E > 4O kev) dE coincides with the form given in (Ref. 5), then this
electron distribution would produce a negative modulation of about %

in a sensor with foil of 0.6 mgecm 2. Addition of the 30-50 kev section
gccording to data in (Ref. 5) would lead to the recording of negative
modulation with an amplitude of L4%. Positive modulation is only reached
by the addition of electrons with E < 30 kev.

An analysis of the sensitivity curves shows that the addition of the
10-20 kev group to the heavy component leadsto a significant increasse in
the positive modulation amplitude and to a comparatively weak "softening"
of the signal ratio for the three sensors. If the same amplitude is
caused by electrons with an energy of 20-30 kev, the signal ratio of the
three sensors would have to be much "softer" (Ref. 4). In every observation
of positive modulation on the "Kosmos-3" and "Kosmos-4" satellites, the
signal ratio of the three sensors was rather "hard" for a significant modu-
lation amplitude, so that electrons with energies of 10-20 kev played the
predominant role. Figure 1 presents examples of electron energy spectra /207
observed on "Kosmos-5' in different regions. The distribution for
E > 4O kev is taken from (Ref. 5), and distributions 4-1 in the 10-L40 kev
region are shown. These distributicns give the negative modulation with
an amplitude of 7%, the zero modulation and the positive modulation with
an amplitude of 10 and 200%. The signal ratio of the three sensors is
(3.2:1:3.0), (3.2:1:3.0), (3.2:1:2.7) and (3.2:1:1.6).
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Figure 2 shows the dependence (for L < 2) of the negative and posi-
tive modulation occurrence on altitude and longitude. It can be seen from
the figure that the negative modulation was recorded at high invariant alti-
tudes hy 5, (hm in - the minimum altitude of a given specular point trajectory
above the Earth's surface), and the positive modulation was recorded at
smaller values of h ;. - However, the positive modulation was only
recorded when high actual altitudes (above 500-1000 km) corresponded to
small values of the invariant altitude hp;,- Thus, electrons with an
energy of approximately 15 kev, which produced a positive modulation,
were recorded above central and southern Asia, the Indian Ocean, Indonesia,
and the western part of the Pacific Ocean. There was a sharp relative de-
crease in the intensity of electrons with E ~ 15 kev in the South Atlantic
(ohange from 1 and 2 spectra to the 4 spectrum in Figure 1). The absolute
intensity of the soft electrons also decreased.

The maximum 1ntens1ty of sofg electrons at altitudes of about 1500 km
was approximately 107 particlec-cm 'sec *sterad lé and their lower boundary
corresponded to an intensity of 5- 10° particle-cm -sec '+steradl.

The soft electron distribution with respect to pitch-angles was more
isotropic than that for electrons with E > LO kev. However, their pitch-
angle distribution remained anisotropic close to the lower boundary of the
soft electron region, with a maximum close to 90Y, so that the decrease in
their intensity along a given force line below 500-1000 km was primarily
related to the magnetic reflection of particles, and not to their absorption
in the atmosphere at a given longitude.

Let us now examine the softest component of the energy spectrum
recorded by the satellite "Kosmos-5".

Figure 2 in (Ref. 4) gives examples of signals from sensors with /208
foils of O.4 and 0.6 mg-cm ° under different accelerating voltages. The
signal shown in Figure 2, a is primarily encountered on the illuminated
section of the orbit. This signal increases when an accelerating voltage
of 11 kv is switched on a sensor with a foil of O.4 mg-cm ®. The signal
ratio on sensors of O.L4 and 0.6 mg-cm_g thus exceeds 30, and the signal on
the 0.4 mg-cm ® gensor decreases by a factor of 100 when the accelerating
voltage decreases to 6 kv. According to the laboratory calibration, the
recorded electron energy does not exceed 5 kev. The works (Ref. 3, 6)
advance arguments substantiating the fact that "fresh" photoelectrons are
recorded in this case; these photoelectrons are not in equilibrium with
the surrounding environment and can surmount the braking potential of
-40 v supplied to the screening grid of the electron sensor.

The intensity of these signals decreases sharply when the satellite
passes into the region of dark shade. However, they have sometimes been
observed for several minutes close to the terminator on the unilluminated
section of the orbit. It was found in each such case that the atmosphere
was illuminated on the other end of the force line at a conjugate atmospheric
point. The photoelectron intensity fell below the detection limit, when the
altitude of the shade on the illuminated end of the force line exceeded
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300-400 km. Thus, the intensity of "crepuscular” photoelectrons depends
essentially on the altitude of the observational point, and sharply
decreaseswhen the satellite passes below 250 km.

An intensity of up to 2:10"cm™? - sec”l - sterad ! was usually observed

at an altitude of about 250 km for 1.5 hours before sunrise, under the
condition that the Sun was located above the horizon at a conjugate point.
As has already been indicated, the recorded electron energy exceeded 40 ev.
Such electrons effeciively excite several emisgions of the upper atmosphere,
particularly A 3914 & ING Na+,A 6300 and 5577 & [U V]. Utilizing data on
the effective excitation cross sections by electron impact from (Ret. 7) and
(Ref. 8), as well as the model given by Harris and Priester (Ref. 9) for

t = 4B, 5 = 180, we find that the intensities of these three emissions do
not exceed several Rayleighs., Thus, direct atmospheric excitation by rapid
electrons, which was observed by means of "Kosmos-5", is below the detection
1limit of present day spectral equipment. If we take the fact into account,
however, that a flux of low-energy photoelectrons exceeds the flux of elec-
trons with E > L0 ev by approximstely one order of magnitude, the phenomenon
is found to be significant. In addition, soft electron streams at altitudes
of 200-300 km lead to an electron temperature increase (Ref. T, 10). In this
case predominant excitation of the red line must be observed. There have
been several recent discussions (Ref. 10-14) of the possibility of an elec-
tron temperature increase and of the red line cross section excitation in the
pre-morning hours by photoelectrons arriving along the force line from the
illuminated atmosphere. The satellite "Kosmos-5" recorded real streams of
such photoelectrons. Unfortunately, we do not have at our disposal data on
the red line cross section, which could be directly compared with our mea-
surements. However, according to (Ref. 15) the general nature of the morn-
ing behavior of the red line, particularly the "north wave" - i.e., the
beginning of pre-morning intensification from the northern section of the
sky - and the intensity of the pre-morning flare closely coincide with the
behavior of crepuscular photoelectrons and their flux.
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SPATTAL DISTRIBUTION OF DIFFERENT GROUPS OF TRAPPED
CORPUSCLES BASED ON DATA FROM THE SATELLITES
"KOsMOsS-3" AND "KOSMOS-5"

Ve Ve Temnyy

Data obtained on the satellites "Kosmos-3" and "Kosmos-5" made it /209
possible to determine the distribution of protons having energies greater
than 50 Mev, and of electrons trapped by the geomagnetic field before the
high-altitude American explosion on July 9, 1962. It was found previously
(Ref. 1) that the distribution of high-energy protons is characterized
guite well be the B, IL~coordinates introduced by McIlwain (Ref. 2). Figure
1l shows the distribution of high-energy protons in these coordinates.

Envelopes were compliled in order to study the distribution of electron
streams recorded, according to the maximum value of current signals whose
modulation was determined by the satellitek rotation around an axis perpen-
dicular to the sensor axes. These envelopes determine the continuous
change in trapped electron streams along the satellite's orbit, recorded in
a direction which is perpendicular to the force line. The analysis of the
recorded electron spectrum performed by T. M. Mulyarchik (Ref. 3) revealed
the fact that these signals are primarily caused by trapped electrons with
energies greater than LO kev.

A significant scatter of experimental data, which was particularly
large for small signals (the region of large B [Ref. l]), was obtained
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Distribution of Proton Streams (in particleccm - esec *)
With Energies Greater Than 50 Mev in B, L Coordinates

when attempts were made to compile the distribution of similar intensity
electrons in the B, L coordinates, which was the same as for high-energy
protons.

In order to determine the nature of the scatter obtained, the depen-
dences of omnidirectional intensity on B were compiled at seven fixed L:
from 1.2 to 2.0. Some of these are shown in Figure 2. In these graphs /211
the number of experimental points equals the amount of the fixed envelope
L intersected by the satellite. It can be seen that significant electron
streams were recorded in those drift trajectory regions which descended
toward the Earth to an altitude of hpi, < 100 km in the region of the
South Atlantic anomaly. The distribution along L = 1.6 of high-energy
proton streams (Figure 3) servesto illustrate the fact that electron
streams were recorded in those drift trajectory regions which they could
not reach during adisbatic motion in the geomagnetic field. It can be
seen from this figure that only a background caused by cosmic rays is
recorded in the case of hps, < 100 km.

In the anomaly region electron streams could not be recorded in the
case of .. < 100 km. It is therefore interesting to examine the depen-
dence of distribution only upon the longitude of the recording location.
Figure 2 gives the geographic longitudinal regions in which experimental
values were obtained. It can be seen that the largest portion of points
pertaining to the anomaly region (from 60°W to 60°E) is located to the
left of the points characterizing intensities recorded in the region 100°W
- 150°E at all the L investigated - from 1.2 to 2.0. This could mean that
similar trapped electron streams were recorded at smaller B within the
anomaly region than beyond it.
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The following characteristic of the distributions shown in Figure 2
was employed to determine the change in a trapped electron stream on the
drift traaectory, only as a function of longitude. If hp;, above the
Earth's surface is employed instead of B, then in the first approximation
the dependences obtained would be approximately equal for all L for inten-
sities which are less than 5- .107 particle*cm “-+sec "l i.e., it can be
assumed that the intensity distribution depends only on hps;, and the longi-
tude A. Since the electrons recorded are trapped and osclllate along the
force line, instead of the geographic longitude of the recording point 1t [gy;
is advantageous to examine A\ - the distance in degrees along the drift
trajectory from the point where the given envelope L descends into the
atmosphere to the greatest extent. A4A is obtained from data on the real

field position (Ref. k).

Figure L presents the averaged dependences of hyi, on A\ for three
chosen stream magnitudes. The experimental points are given for the flux
of T.6* 10° particle-cm ®.sec” 1. The curves obtained reflect the distribu-
tion change along the force line: the flux increases up to AL = -100
during motion to the east of the anomaly along hp;, in the direction of
electron drift, and then begins to decrease during motion toward the anom-
aly. The picture thus obtalned apparently reflects the characteristic
distribution change along hpi,s and not sporadic fluctuations produced at
different longitudes. This is due to the fact that, for example, in the
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A\ = -100° region not once was a flux of 7.6'lOspa:t"ticle’cm—z-sec_1
recorded for hpi, ~ 500 km, just as in the anomaly region for the same
hpine It can be seen from Figure 4 that the values obtained pertain to
different intervals of local time. Due to the relatively small amount
of experimental data, it was not possible to determine the dally changes
in this distribution. It can only be noted that in the AA ~ -100° region,
where trapped electrons penetrate along the line to maximum B, streams
were recorded in time intervals comprising 75% of the day (morning, day-
time, evening) for hmin < -200 km. In the A\ = -20° - -40° region, a
flux of 7.6'105particle-cm_ -sec ' was recorded during the morning hours
at smaller hmin than during the daytime and evening hours.

The comparison of intensity changes given in Figure 2 and Figure L
makes it possible to construct a model of trapped electron distribution
in the B, L coordinates (Figure 5). Constant intensity is expressed in
the form of a band here. The lower curve in the band pertains to the
anomaly region; the upper curve pertains to the region close to
AX = -100°; the curves for intermediate longitudes lie within the band.
This distribution of electron streams indicatesthat the magnitude of the
stream increases along identical geomagnetic latitude when there is a
change from small L to L = 1.6; the stream magnitude decreases during
motion to larger L. This indicates the existence of a trepped electron
stream maximm close to L == 1l.6.

There is still no explanation of the mechanism leading to the /213
recorded stream change on the drift trajectory. If it is assumed, as was
done previously (Ref. 5), that along the entire drift trajectory around
the Farth there is a continuous supply of trspped particles to
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< 400 km, which predominates over absorption at those altitudes
where the recording is conducted in the Al region to the east from zero
to -100°, and if it is assumed that the absorption exceeds the supply
at AN from -100° to the east up to AL = 0, then the “restoration” time
of the zone particles can be estimated. It is on the order of 10" sec
at the equator for L = 1l.6.

The possible influence of the electric field, leading to the
recorded particle distribution change on the drift trajectories is
investigated in (Ref. 6,7).

Iongitudinal stream changes on the drift trajectories only in the
outer zone region (L > 3) were obtained from measurement data on the
second spacecraft-satellite (Ref. 8). Paulikas and Freden (Ref. 9) re-
corded the gppearance of quasi-trapped electron streams for hmip < O km
with energies greater than 0.9 Mev only close to L = 1.2 and 2.0. The
scatter in the B, L coordinates of experimental points pertaining to an
electron flux of 10 particleccm ®esec™?, recorded by Van Allen and Frank
on the satellite "Injun-1" (Ref. 10) in the L < 1.32 region, can probably
also be explained by the longitudinagl dependence. Recent data obtained
on the satellite "Kosmos-17" characterize the longitudinal changes of
electron stream distribution at L < 2 after the American thermonuclear
explosion on July 9, 1962 (Ref. 11).

In conclusion, I would like to thank V. N. Smirnov for assistance in
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proczessing the results.
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MEASUREMENT OF SOFT ELECTRON STREAMS IN THE
UPPER ATMOSPHERE AT AITITUDES TO 500 KM

L. A. Antonova and T. V. Kazachevskaya

At present a very important problem in the physics of the upper /21h
atmosphere is the study of corpuscular radiation. The exlistence of
electron streams in the upper atmosphere, not only in the region of the
polar aurorae, but also at every latitude, is of great geophysical sig-
nificance, which is associated, for example, with the problem of ioniza-
tion and warming of the upper atmosphere. Of greatest geophysical
interest are the streams of very soft electrons with energies of less
than a tenth of a kilo-electronvolt. They possess the greatest cross
section of interaction with atoms and molecules of the atmosphere and
apparently carry the chief energy of the streams.

The existence of electrons of such energies in the upper atmosphere
might explain a number of peculiarities of ionospheric behavior. However,
to measure the strength and spectrum of low-energy electrons is a very
difficult task, especially under the conditions of the upper atmosphere,
which principally involves the very low penetrating power of the particles
to be recorded. An open-type secondary-electron multiplier was chosen as
the radiation detector in an experiment measuring soft electrons in the
upper atmosphere. The secondary-electron multiplier very efficiently
records soft electrons, permits measurement of the entire electron stream
without the use of any additional absorbents, and makes 1t possible to
measure weak electron streams and their rgpid variations in time. The
secondary-electron multiplier operates only at a vacuum no lower than
5-10'5 mm Hg, which under upper atmospheric conditions is reached at
heights above 120 km. The short duration of the rocket experiment neces-
sitated preliminary evacuation of the instrument housing containing the
multiplier before the rocket was fired, so that the instrument would
become degasified faster after it was opened.

Individual sectors of the electron energy spectrum were distinguished
by interchanging different filters in front of the multiplier. The multi-
plier operated in the pulse count mode.

The experiment was conducted on October 18, 1962, at mean latitudes
in the daytime. The instrument was installed in the hermetic, jettison-
able AcS*container. The axis of symmetry of the instrument input aperture
lay in the equatorial plane of the container. The visual angle of the
instrument was * 6°. The container was stabilized relative to the verti-
cal, and rotated about it with a period gradually changing from 12 to T
sec.

The instrument in this experiment registered rather substantial noise,
probably caused by dispersed light entering the instrument by multiple
reflections through the slit in the filter input device. The signal was
‘Note: AGS designates High Altitude Geophysical Station.
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found to prevail over the background level for a filter representing

an open window (d=0.1lmm) and the two least dense filtérs (aluminum and
fluoroplastic films ~ 7 pthick). An estimate of the average value of /215
the integral electron stream, determined from the signal through the

open window, gave a value of = 5.107 electron-cm™? -sec™! - sterad-!within

an accuracy of 2. The mean flux of electrons having energies exceeding 30-
35 kev was estimated as~2°10° electron-cm 2-sec™! -sterad~l. From these
data and the upper limits of the flux for other filters, the integral
electron energy spectrum (Figure 1) was plotted. In the 210 kev region, it
may be represented as a power function with a power exponent of ~4.5. A
less drastic increase in intensity was observed for smaller energies, and
it was concluded that the spectrum boundary on the low energy side was
below ~ 9 kev.

Assuming that the spectrum boundary on the low energy side lies in
the 1-8 kev region, an estimate of the entire energy flux results in
values of ~0.1 - 0.5 erg'cm'z-sec'l~sterad'1. The mean flux does not
depend on altitude in the measurement altitude range, nor on the angle
between the velocity vector and the plane perpendicular to the magnetic
line of force. Significant short-lived variations were detected.

The electron streams in the atmosphere were also measured by a method
based on the principle of recording ionizing radiation by means of the
thermoluminescent phosphor CasSO (Mn) (the "Phosphor" device). The luminous
compound CaSOL+(Mn) has valuable properties permitting absolute measure-
ments in the shortwave region of the spectrum below 1350 R. Under short-
wave radiation, as well as y- and B- radiation, the CaSOy (Mn) phosphor
stores energy, and when heated re-emits it in the visible region of the
spectmm with a peak in the green sector. The phosphor's peak brightness
when heated is - just like the total energy of this radiation (the light
sum) - proportional to the energy stored by the phosphor during exposure
within wide energy ranges.

The main guantity characterizing total radiation energy falling on
the phosphor is the "light sum". It is experimentally measured as the
integral number of quanta of visible light emitted by the phosphor during
the entire heating period. The light cum gives information on the total
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energy of the exciting radiation. It does not
reflect the nature of the spectral distribution.

The quantum yield of the phosphor depends
only on the wavelength of the radiation measured.
Within wide limits (approxima,tely five orders of
magnitude), the phosphor is not saturated. An
especially valuable property is that, as the
investigations demonstrated, CaSO, (Mn) is not
sensitive to radiation in the spegﬁral region
of wavelengths greater than 1300

The properties described make phosphor
CaS0, (Mn) very suitable for measuring ionizing
radiation. /216

Measurements with phosphor CaS0, (Mn)were often
conducted in rockets in 1948-1950 in the United
States. In these experiments phosphor specimens
exposed during flight were de-excited on Earth in
a laboratory unit. Such measurements produced
large errors, since - when the exposed samples
were salvaged - some of the energy they had
stored had been lost because of heating when
the rocket entered the dense layers of the

atmosphere.

The instrument used in our experiments
differs not only in exposure, but also in the
fact that de-excitation of the phosphor speci-
mens takes place in flight. This eliminated
the need for salvaging the.equipment and elimi-
nated the error pointed out in the American

experiments.

The "Phosphor’' device measured electron
streams in the upper atmosphere for the first
time during a solar eclipse (February 15, 1961).

In October, 1962, and June, 1963, phosphor
measurements were again carried out. Special
tubular filters with their cylindrical open-
ings at a 45° angle to the intake axis were
installed in front of two plates, in order to
separate the electron stream. This filter
completely absorbed the shortwave radiation,
but electrons could get through the openings
to reach the phosphor. Measurements werc made
while the rocket was rising to an altitude of
500 km. During the entire flight (no measure-
ments were made below 150 km), the electron
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stream generated a reliable signal (filters 3 and 7 in Figure 2, which
gives the results of primary processing). The measurement results demon-
strated that the electron stream energy varied little with altitude and

averaged 0.3 erg*cm .sect.

The gbove experiments have therefore demonstrated the efficilency of
the new methods used to record low-energy electrons in the upper atmosphere
and have permitted estimates of electron flux and energy spectrum at mean
latitudes in the ilonosphere.

VARTATIONS IN ATMOSPHERIC ION C%MPOSITI%N AT AITITUDES OF 100-200 KM
Summary

G. S. Ivanov-Kholodnyy, A. De. Danilov

The mass-spectrometric investigations of the ion composition of the
ionosphere which have been conducted up to the present in the 100-200 km
region lead to a number of interesting conclusions about the variations
of ion concentrastion associated with the time of day and solar activity.
Figure 1 prescnts experimental data on the behavior of relative concen-
trations of [O" ]/ne and [NO* ]/ne in the course of 24 hours. The symbols
corresponding to experiments made at a high level of solar activity

10 >150) are enclosed in small circles. As the figures show, a
differéZCe is detected in the behavior of ion concentrations throughout
one day at high and low solar activities. The noticeable similarity
between the curves for altitudes h = 160, 180 and 200 km increases the
reliability of deductions about the behavior of the quantites [O+}/ne and
(w0* J/n, with a change in zenith distance of the Sun z o &b different
levels of solar activity. The principal experiments were carried out in
the range 55°< z_ g 90°; therefore, it is this region which is theore-
tically analyzed in the present paper. For z_ < 50° there is only one

. - il ° ® . .
mass-spectrometric experiment (z = 27.5 ) conducted durapg magnetic
perturbation; therefore, the behavior of [071/n. and [NO J/ng in this
region is tentatively traced by the dotted lines.

The theory of the formation and disappearance of the principal ions /218
in the ionosphere leads to the conclusion that - with unchanged atmospheric
composition and density in the 140-180 km region - the concentration ratio
[n0" 1/[0% ] must not depend on altitude and z . A comparison of the values
of [NO"]/[05], given for a number of experimgnts in Figure 2, demonstrates
that on the average this ratio is actually observed to be constant within
accuracy of 1.5. Curve 1 of Figure 2 refers to high solar activity; curve
2, to medium; curve 3, to low solar activity; and curve L, to the period
of magnetic perturbations. Small variations (within the limits of 1.5)
nevertheless exceed the mass-spectrometric measurement errors and apparently
indicate variations in the parameters of the neutral atmosphere (density, /219
composition, or temperature). A theoretical study of change in absolute and
relative concentrations of charged particles in the ionosphere, as ionizing
radiation intensity I or atmospheric density N changes, enables us to derive
the results presented in the table.
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Region of Ionosphere Concentration Dependence on I | Dependence on N
At g1l altitudes o* ~ T No dependence
Upper part of Iono- +
sphere 0 /ne No dependence No dependence
[0"] > [05] + [nO* ] NO"/ng, Oz/ne ~1/1 ~ N
NO+, OZ No dependence ~ N
ng ~ I No dependence
Iower part of Iono- O+/ne N/-'i— Nf_l\T—
sphere
NO+/ne, O;/ne, No dependence No dependence
[0"] < [oz] + [M0"] No*, 03 ~V/I ~/N
ng ~J/T ~/N

The first half of the table corresponds to the upper lonosphere,
([0"] ~n ), where g linear law of recombination holds. The second half
corresponds to the lower ionosphere, ([O 1< ne), where the rate of elec-
tron disappearance is proportional to ne . At intermediate altitudes, the
dependence of electron and ion concentrations on I and N is more complex
and 1s expressed by the formulas in this article.

Notwithstanding the fact that the electron concentration and the
relative concentrations of O' ions behave dlfferently with Zg at different
solar activities, the absolute concentrations of [O ] display no appreci-
able dependence on the activity. This obviously indicates a simultaneous
change in both I and N during the solar cycle.

Figure 3 compares the ilonization rate g at the altitudes in question
(as calculated by Watanabe and Hinteregger, and by Ivanov—Kholodnyy) with
derlvatlons of q based on experimental findings regarding the behavior
of [0F lwith the zenith angle of the Sun. As follows from this figure, the
findings of Watanabe and Hinteregger (curve 2) are closer to the experl-
mental curve 3 than are Ivanov-Kholodnyy's data (curve l).

Analysis of the experimental data on ion composition endbles us to
define the ratios more accurately which the authors previously obtained
between the constants of the fundamental ion reactions in the ionosphere:

7’NO+/C‘NO+ 24-10-5; ,02/a0+~2 1074,
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CHARACTERISTICS OF SHORTWAVE COMMUNICATION WITH SPACECRAFTS

F. I. Berbasov, T. 8. Kerblay
Ye. M. Kovalevskaya, L. N. Lyalkhova

The radio frequency which ensures good shortwave communications /220
between two remote terrestrial points is determined on the assumption
that the ionosphere is spherical and stratified and that its parameters
are invariable within the limits of a single bounce. The F2 layer is
taken as the principal reflecting layer in these calculations. In the
vast majority of cases, these assumptions are justified. The present
paper has computed a normal frequency range for shortwave radio space
communications, in a manner similar to that employed for terrestrial
communications. The only difference is the different arrangement of
monitoring points because of the emitter's altitude of 180~250 km. The
wave trajectory which occurs in normal propagation by reflections from
the F2 layer is represented in Figure la.

We have considered the results derived from analyzing data on the
reception on Earth of signals from transmitters broadcasting from Soviet
spacecrafts at a frequency of about 20 Mc. The statistics cited in this
paper refer to casces where the spacecrafts are benceath the peak of the
F2 ionization region outside of the direct visiblility zone.

In cases where the operating frequency has fallen within the calcul-~
ated range of applicable frequencies, the probability of communication
has significantly exceeded the mean value. Thus, the percentage of cases
of communication with spaceship "Voskhod-1" (October, 1964) at a frequency
of 20 Mc is 38% on the average, for the cases where the spacecraft was
beneath the ilonization pesk of the F2 region. At the periods when the
frequency fell into the predicted range, the percentage of communication
rose to 87%. The flights of spacccrafts 'Vostok-1" and "Vostok-6" took
place during a decreasec in solar activity in the summer months, when the
maximum applicablce frcquencics (MAF) were in most cases below 20 Mc, so
that the 20-Mc operating frequency was fundamentally higher than the upper
limit of the range of applicable frequencics.

An analysis of factual findings on coumunications with the "Vostok"
spacecrafts has showed that in most cases communication at the 20 Me
frequency was observed, in spite of its being higher than the MAF,

Table I gives the dates of the spacccraft flights, level of solar
activity expressed in modified relative mecan monthly figures on sunspots

at these times, and average F2-L40O00-MAF values for diurnal and nocturnsal /221
conditions for mean and cquatorial latitudes.

From Table I it is evident that from 1961 to 1963 the critical fre-
quencies and MAF of the F2 layer decrcased on the average, due to the
decreased level of solar activity.
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TABLE 1

F2-L000 MAF
D Night Percentage
Spacecraft | Date of Aigiiity X - & of &
Flight Level Noxrma,1
w il o—a w oA Propagation
39|88 |98 |24 pes
g 3 M3 —~ 3 o D
a3 P o P g P [ORNES
159 | =8 {54
] =
"Vostok-1" | 4/12/19€1 6h 20,71 2k.7] 11.9 {25.8 70
"Vostok-2" | 8/6/1961 51 18.6 | 18.6 | 12.0 {20.8 36
11 "
Vostok~- 8/11/1962
" o8%e 3" /11/15 35 18.3 | 17.6 | 11.6 [19.2 25
Vostok-L4" | 8/12/1962
17 14
Vostok- L/14/196
. 5" /14/1963 30 17.4 | 17.6 | 15.0 |15.k 12
Vostok-6" | 6/16/1963

Certain deviations from the monotonic frequency drop are attributed to
seasonal changes in the ionosphere, since the flights tock place in differ-
ent months. Despite isolated deviations, Table 1 makes it clear that the
ionosphere’s capacity to reflect 20-Mc signals steadily decreased from 1961
to 1963.

The last column in Table 1 gives the fraction of time (relative to the
entire flight timel)during which it was estimated that 20-Mc signals propa-
gated by normal jump reflection might be expected to be received in the
territory of the USSR. The operating frequency was compared only with the
MAF when evgluating the propagation possibility. The magnitude of the field
strength which could be expected wa: not considered, because incoming signal
field strength would be very small in long-distance reception, particularly
at times when the path was 1lluminated. The percentage of expected reception
time given in Table 1 i1s slightly overestimated.

A comparison of the time, when normal propagation is possible, with the
mean time of actual reception at 20 Mc, demonstrated that the actual

1 Here and elsewhere in the following when figuring the time fraction

during which communication occurred,the value of 100% is assumed to .

be the entire flight time, except for the periods that the spacecraft
is within the line of sight, i.e., the time of actual communication

is assigned to the whole time that communication would have to occur by
ionospheric reflection.
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probability of communication exceeded the normal propagation probability
computed from ionospheric data. The communication probabllity actually
derived does not diminish with the decrease in activity, but remains on
approximately the same level, gbout 50%. The existence of communication

at frequencies above the MAF cannot be due to an inaccuracy in the method

of computing the MAF, since the frequency excess over the MAF reached very
high values (to 8-10 Mc) in a number of cases. This made us both pay
special attention to other paths of propagation which would make it possible
to reflect higher frequencies, and assume that they play an important role
in radio communications between spacecrafts and the Earth.

Communication at frequencies gbove the MAF is also sometimes detected
in other terrestrial radio lines (Ref. 1); if the emitter is at a substan-
tial altitude above the Earth's surface, the probability of communication
at frequencies above the MAF rises. Figure 1 depicts possible paths of
signal propagation between Earth and the spacecraft. Figure lb-le
represent possible non-normal paths of signal propagation: reflection from
Eg by jumps closest to the point of reception, and propagation along a
rebound path (Ref. 2, 3) with subsequent escape by gradients (Ref. u4) or
escape by dispersion (Ref. 5).

In order to determine what paths of propagation most frequently occur
under actual conditions, the discrepancies in the calculated MAF and the
actual radio communication frequencies (Af) were subjected to an analysis,
which showed that their value essentially depends on the time of day. When
the receiving station is in the illuminated hemisphere - 1.e., the MAF at
the monitoring station closest to the receiving point is 2 20 Me, while the
MAF in the vlcinity of the spacecraft is small ~ the probability of communi-
cation is substantially greater than when the receiving station is not
illuminated. “wnis 1s particularly noticeable at great distances. Figure 2
gives the probability of different values of Af during illuminated and dark
periods, for distances of 6000-12,000 km. As is evident from Figure 2, the
probability of large deviations of Af is considerable when the point of /222
reception is illuminated.

Since the differing illumination along the path corresponds to signifi-
cant horizontal gradients of electron concentration (the so-called ionc-
sphere gradients), we may assume that when signals are propagated at fre-
quenciecs above the normal MAF these gradients play an essential role.

When shortwaves are transmitted from spacecrafts beneath the peak of
the F2 layer, the angles of radiowave incidence onto the reflecting layer

arc substantially greater than the angles of incidence attained in terres-
trial communications.

Radiowaves falling onto the rellecting lager at angles ©, which are
grcater than the meximum angle of incidence (5 found in transmitting
from the Earth, will be propagated by being reflected only from the iono-
sphere in a so-called rcbound trajectory. As the incident angle grows
larpger, so also does the scaling factor of the critical frequency in the
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Figure 1
MAF for sloping incidence.

Propagation along rebound trajectories guarantees that the signals
will travel great distances at frequencies considerably above the normal
MAF. However, in order that the energy thus transmitted reaches the Earth
and that reception 1s possible on Earth, supplementary mechanisms are
needed to ensure that the waves return to Earth. These mechanisms may,
first, be any type of scattering and, second, distortion of the signal
path directing the energy to the Earth. The fundamental difference between
these methods is that any scattering involves great energy losses compared
to normal propagation, while distortion of the signal path due to a hori-
zontal nonuniformity in the ionosphere should not result in additional
signal attentuation. Even a certain signal amplification may, on the /223
contrary, be expected since - 1in propagation over a rebound trajectory -
each time the radio wave 1s reflected by the ilonosphere it undergoes the
focussing effect of a concave sphere and is not defocussed by the Earth's
surface. Rebound trajectories have great advantages over propagation by
successive reflections from the Earth and the ilonosphere in cases where
the trajectory passes above the Earth at a minimum altitude hysp - 100 km.
In this case, the radiowaves bypass the principal agbsorbing region (the D
layer and the lower portion of the E layer); therefore, it may be expected
that when these waves are transmitted over long distances the field strength
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will be higher. Results of analyzing measurements of the field strengths
of radioc signals from the first and second satellites showed (Ref. 3) that,
at distances greater than 6000-8000 km, the field strength exceeded that
calculated for ideal transmissione.

In order to corrcoborate the explanation of communication with a space-
craft at frequencies above the normal MAF by anomalous propagation, we
examined a number of specific periods of communication with "Vostok" space-
crafts at frequencies above normal MAF. The path of the beam was computed
which falls from the spacecraft onto the ilonosphere at the maximum possible
angle q%ax’ taking into consideration the ionospheric gradients at the
points where the beam is reflected. The following values were calculated:
distance of each bounce 8 |, = 2(90 - ©); angle of inclination¥* at reflection
points 0 minimum altitude hpi, for each bounce at which the beam approaches
the Earth; and MAF at each point of reflection with due allowance for the
ionospheric gradient. 1In the cases when, at the reflection point closest
to the receiving station, there was an ionospheric gradient which was
adequate to give the beam a direction favorable for transmission to Earth,
we could explain comnunication at a frequency greater than MAF. Figure 3
illustrates diagrammatically the beam path for one of the moments of com-

munication with the "Vbstok—S" spacecraft at £ = 20 Me with a normal MAF
of 1h.5 Mc.

Besides the signal propagation path in question, an essential role
in comunication with spacecrafts is played by trajectories which include
reflection from the Eg layer (Figure Ib, lc). Of the possible paths of
non-normal propagation shown in Figure 1, this article will consider the
possibility of forcasting only two - reflection from Es and a rebound
trajectory from a gradient.

For the flight of the "Vostok-5" spacecraft®*, a survey of t} . periods

The slope angle was determined by methods presented in (Ref. 6) from
altitude charts of equal electron concentrations, compiled by
T. A. Anufriyeva under the direction of B. S. Shapiro.

In this flight the possibility of communicating by normal reflection
from the F2 layer was very slight - on the order of several percents.
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Figure 3

(in the first 17 revolutions) when communication could be effectuated was
compiled: (1)'by reflection from Eg in the first one or two bounces, with
further reflection from the F2 layer, and (2)'by the surface gradients of
equal electron concentrations. The survey of communication by Eg was com-
piled by choosing the periods when F2-LOOO-MAF, in the vicinity of the 2oL
spacecraft and at a distance of 4000 km (or 6000 km in the two-bounce
reflection from ES) from the receiving station, was more than 20 Mc. It

fell below 20 Mc only at a distance of 2000 km (or 4000 km).

Average charts of the probability that a frequency of 20 Mc would
be reflected were compiled for summertime to determine the possibility of
reflection from Eg. Since the Eg layer is very irregularly distributed
both in time and space, it was impossible by means of hourly observations
performed by a limited number of ionospheric stations to produce a pic-
ture of Eg distribution at the moment the spacecraft passed over. Therc-
fore, average charts were utilized. It was assumed that, to propagate via
E5 in one bounce, the reflection probgbility at the point of reflection
from the Eg layer (lOOO km from the receiving station) would have to be
more than 50%. For reflection in two bounces, the probability at each of
the two points of reflection would have to be more than 70%. During the
computations it was noted that during daylight hours the probgbility of
reflection from E_ in the vicinity of the receiving station often reaches
90%. Therefore, for each revolution a time was determined (in minutes)
when communication by Eg was probable; then from actual findings on signal
reception from the "Signal" transmitter, it was determined during how many
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minutes of this period communication actually was established. In the
period under investigation, communication via Eg was expected for 4 hours
in all. In actual fact, comunication was effectuated for somewhat more
than 3 hours in these periods. Thus, the average percentage of cases in
which the prediction of communication via Eg was fulfilled was TT% - i.e.,
it was rather high.

Propagation by gradients was surveyed as follows.

To determine the most favorable moments for the ilonospheric gradients
to assist in communications between a space object and Earth, we used alti-
tude charts of equal electron concentrations. It was assumed that the vari-
ous electron concentration levels had the same gradient. The chart in
Figure L gives reflection altitudes in solid isolines for 3 Mec and broken-
dotted ones for 5 Mc. By means of such charts it can be seen that, for [225
example, for a receiving station at © = 55° at about 6 hours, local time,
the regions of favorable gradients are within the azimuths A = 180 - 3300.

On the other hand, between the azimuths A = 15 — 150° the gradients have the
opposite sign.

At 18 hours, local time, however, the most favorable conditions are
created for reception on Earth of waves traveling over rebound trajectories
from the northeast and east. Depending on what gradient in the neighbor-
hood of the receiving station is sufficient to return a beam traveling a
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rebound trajectory to Earth, we derive several different time intervals
during which the gradients can ensure communications. It is, moreover,
necessary to take the fact into consideration that, when there 1s a
gradual gradient in the reflecting surface along the route, the beam will
gradually approach Earth after each reflection. It would, therefore, be
necessary to allow for the gradient not only near the reception point,
but also along the entire route. In this connection, a forcast of the
periods of probable communication by means of gradients was compiled for
various angles O near the receiving station (from a >1° toa> MO), as
well as for the total angle along the entire route o 2 3° (the bounces
are tentatively assumed to be 2000 km). The effect of the gradients on
space communication conditions is indicated by the increase in communica-
tion probability as the gradient angle near the reception point grows
larger. The communication conditions as a function of the angle of the
gradient are:

Angle of gradient &, degrees . « « « « 21 >2 >3 >4

Performance of Communication,% of time 47 53 68 89

Figure 5 gives the total time of expected communication by Eg and by
gradients (solid line) for each spacecraft orbit. The broken line shows the
duration of communications during the predicted period. In the computa-
tions whose results are presented in Figure 5, 1t was assumed that the
requisite gradient was o > 3°. It can be seen from the figure that there
is satisfactory agreement between the predicted periods of propagation by /226
Eg and by gradients, and between the actual transmission in these periods.
The frequencies which can be transmitted by the gbove mecthods can exceed
the normal MAF by an average of 10-20% (in isolated cascs, by far more -
up to 50%). Hence, by taking into consideration the reflections from Eg
in the region nearest the reception point and the possible propagation
over a rebound trajectory with transmission to the Earth by gradients, we
may considerably raise the upper limit of the band of shortwave radio com-
munication with spacecrafts which are below the peak of the F2 layer.
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Figure 6

As has already been pointed out, the experimental data examined in
the present report pertain to communications with spacecrafts below the
“maximum of the F2 layer. No less complex signal trajectories may occur
in conmmunications with spacecrafts whose orbits lie above the maximum
of the F2 layer (Ref. T-10). Figure 6 gives examples of various trajec-
tories of this kind. In this case the normal distribution may be regarded
as trajectories at the operative frequency exceeding the F2-MAF near the
spacecraft, but reflected from the ionosphere at the following points -
MAFy and MATs -~ fg, (Fig. 6a). It is obvious that, just as in the case
of orbits heneath %he maximum of the F2 layer, this propagation path is
not unique. In addition to trajectories which take Eg and other regular
layers into consideration, an csscntial role may be played in propagation
between the Earth and the ionosphere by propagation along nonuniformities
extending over the field (Figure 6b),'by the occurrence of rebound trajec-
tories (Figure 6¢), and also by scattering by the Earth or the ionosphere.
If we examine in detail all possible paths of propagation when the space-
craft i1s above the maximum of the F2 layer, we may obviously select fre-
quencies which enable us also to obtain a satisfactory percentage of
communication time for these cases.

This study of the features of shortwave communication with space-
crafts shows that, when a spacecraft is beneath the maximum of the F2
layer, higher-f{requency waves may be propagated in addition to radio
waves reflccted from the F2 layer in the ordinary way by other propaga-
tion routes. An essential role in the propagation of frequencies above /227
the normal MAF is played by sporadic ionization in the E layer, as well
as by horizontal ionization gradients (resulting in effective gradients
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of surfaces of equal electron concentration in the ionosphere). The

first experiments in forcasting these effects may be regarded as satis-
factory, especially if we consider that our knowledge of lonization distribu-
tion in the ionosphere, and of the day-to-day and hour-by-hour changes in this
distribution, is still by no means satisfactory. Thus, these experi-

mental data on shortwave radio communication in space polnt out the

need to make allowances for every sort of anomalous phenomenon in the
ionosphere when we compute radio communication frequencies, and the

need for further study of the peculiarities of ionization distribution

in the upper ionosphere, its gradients, various types of sporadic layers

and nonuniformities, and their influence on shortwave radio communication.
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RADIOWAVE PROPAGATION IN INTERPLANETARY
AND CIRCUMSOILAR SPACE

M. A. Kolosov, O. I. Yakovlev, A. I. Yefimov

Data are presented on radiowave propagation at a 183.6 Mc frequency,
emitted by "Mars-1" and received at distances of up to 50 million km on
the surface of the Earth. Radiowave propagation at a distance on the
order of 300 million km is also analyzed, on the basis of the data obtained
by tracking radio emission of the Taurus-A source.

The assumption is advanced that when monochromatic radiowaves are
propagated at such large distances their spectrum can change.

1. Maximum Possible Values of Monochromatic Radlowave
Attenuation in Interplanetary Space

Regular measurements of the signal level from "Mars-1" were used to
study the dependence of the energy stream of radlowaves received upon
distance.

The study (Ref. 1) gives the corresponding dependence, where it is
attributed to values obtained from the law of free radiowave propagation.
The data obtained in (Ref. l) make it possible to estimate the maximum
possible attenuation of monochromatic radiowaves of 183.6 Mc frequency
during propagstion in interplanetary space. This value is L £ 2 db at /228
50 million km.

The study (Ref. 2) presents data on the received signal level from
"Pioneer-5", where it is pointed out that there was no significant devia-
tion from the law of free radiowave propagation during observations of
signals with a frequency of 378 Mc at distances up to 43 million km. It
should be noted that experimental data given in (Ref. 2) have a large
scatter. Therefore, they do not indicate the absence of radiowave attenu-
ation, and only make it possible to determine the greatest possible
attenuation which may be concealed in the experimental data scatter. Pro-
cessing of these experimental data shows that attenuation of radiowaves
with a frequency of 378 Mc is no greater than 2-3 db at 43 million km.

Results are presented in (Ref. 3) which were derived from repeatedly
determining the effective scattering diameter of radiowaves having a
frequency of 700 Mc for Venus, and the measured values of the effective
scattering diameter ranged between 12-18%. When these measurements were
performed, the distance changed from 40 to 65 million km. Thus, during
radio location of Venus the total change in the radiowave propagation
path comprised 50 million km. The maximum attenuation, which could be
concealed in the effective diameter measurement errors, could not exceed
1.6 db at 50 million km in these experiments.
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2. Attenuation of Radiowaves With a White Spectrum
in Circumsolar Space

One effective method of studying circumsolar space 1s its trans-
illumination by radio emission from the source Taurus-A. Since Taurus
is practically located in the ecliptic plane, transillumination of
circumsolar space at different angles Y occurs during the annual move-
ment of the Earth around the Sun (Figure 1).

If the Taurus-A source is radiated on an interferometer, there is
a decrease in the signal strength at the interferometer output for small
angles Y. This phenomenon has been interpreted as the result of radilo-
wave scattering by nonuniformities in the electron concentration of cir-
cumsolar space, which kads to an increase in the source angular dimensions.
Circumsolar space has been studied by means of interferometers since 1951,
and the results of these experiments are given in (Ref. 4-6). Interfero-
meter observations have shown that in the A = 8 m range the increase in
the source angular dimensions amounts to (=8' for y = 5°. This quartity depends
on solar activity, and its maximum can reach = 18' (Ref. 6). Studies
performed at different wave lengths of a meter range show that the
gquantity ( is proportional to the square of the wavelength. These studies
have also made 1t possible to estimate the scale of the nonuniformities
and to refine our concepts of the solar supercorona (Ref. 7).

9/15
6/15~ —12/15
Earth\g b /Q4??9F§Q%'t°
Taurus
'3/15
Figure 1

Diggram of Experiment on Transillumination of the
Interplanetary Medium by Radio Emission from the Taurus~A Source

Nonuniformities in the interplanetary medium can also influence
radiowave propagation (Ref. 8). It is of interest to study the condi-
tions under which radiowaves are propagated in interplanetary and
circumsolar space, by observing radio emission from the Taurus-A source.
In order that the changes in the source angular dimensions do not influ- /229
ence the measurement results, it is necessary that the width of the
antenna directional diagram ¢ is much greater than the quantity (. At
the same time, the antenna must have a sufficiently narrow directional
diagram, in order to exclude the influence of solar radio emilssion for

small angles Y.
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Energy Flux of Radiowaves Emitted by the
Taurus-A Source for Different Y Angles

We performed measurements of the radlio emission from the Taurus-A
source at a frequency of 184 Mc from March to December, 1964. The
width of the antemna directional diagram was such that measurements
were possible for ¥ = 5°, and the condition o >> (¢ was fulfilled very
well. In order to increase the measurement accuracy, we determined the
ratio of the antenna temperature, caused by emission from the Taurus-A
source (TT), to the antenna temperature characterizing emission from
Cassiopeia (TC). The time of day when the measurements were performed
was selected so that the angles of elevation of the Taurus-A source and
of Cassiopeia were more than 35°, and differed very little from each
other. One measurement cycle, corresponding to a fixed angle Y,
included no less than 6 measurements of m = TT/TC' At the angle Y < 130,
there was an additional antemna temperature increase, which was caused
by radio emission from the Sun. In this connection, the influence of
solar emission on the results derived from measuring m was carefully
studied. The method employed made it possible to exclude variability in
antenna amplification, as well as the influence of absorption in the
Farth's atmosphere; it also made it possible to decrecase considerably
the influence of solarradio cmlssion on the results derived from deter-
mining radiowave attenuation in cosmic spsce. The maximum error
entailed in determining 71 during one measurement period was no more than
£ 4% in the case of Y > 14°; the errors comprised 7 6% for 6°<¥Y<1L°.

Figure 2 presents the measurement results. The relative values for
the energy flux of radiowaves radilated by the Taurus-A source are plotted
along the vertical line; the values of the angle ¥ are plotted along the
horizontal line. It follows from Figure 2 that there 1s no attenuation
of the radiowave energy flux within the limits of error when the angle
¥ changes from 180° to 10°. In the case of Y = 10°, radiowaves emitted
by the Taurus-A source traverse a path on the order of 300 million km in
the interplanetary medium lying within the Earth's orbit. The smallest
distance from the radiowave trajectory to the Sun is thus about 25 million
km. When the angle Y decreases to 50, there is a small 16% decrease in
the radiowave energy flux (maximum error = 8%).
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et us compare the existing experimental data with the results
derived from our measurements. The energy flux attenuation is deter-
mined by the expression

L
,S==Suoxpt——&7d4; (1)

)

The quantity Y depends on distance R between the Sun and g line /230
element dl. Let us assume that this dependence can be approximated

by the law Y = oR™1, where o depends on the wavelength, and it is
determined by the mechanism of radiowave attenuation. If we set n = 2,
then our experimental data can be closely approximated by a function of

the following type

\ . a /= T—\]

1 () = exp {_72_ (T— sin > ! (2)
which is obtained by integrating (1) for n = 2. Here a is the astronomi-
cal unit. Formula (2) can be used to compare the measurement results
derived by different authors for different angles Y. It follows from the
dats obtained that o = 0.7 million km for X = 1.6 m. Iet us determine
the parameter o according to data in the literature (Ref. 9—13). The
table below presents the results derived from cbserving the energy flux
attenuation of radiowaves as well as the values for the parameter o cal-
culated according to these results.

Wavelength, m | Attenuation, % Angle ¥ |, million km Source
11 29 5° 0.75 (Ref. 12)
3.5 reaches 30 23 reaches 0.7 (Rerf. lO)
1.6 16+18 5 0.7 This article
0.25 19 1.5 0.25 (Ref. 11)
0.21 none 1.5 -- (Ref. 9)
0.18 " 1.5 . (Ref. 13)
0.10 " 1.5 -- (Ref. 11)

It is difficult to determine radiowave attenuation for ¥ = 2-5°, due
to the influence of solar radistion. We must also keep the fact in mind
that the measurement results presented in the table were obtained in dif-
ferent years during different solar activity. It follows from the table
that the radiowave attenuation in the meter range does not exceed 30% in
the case of ¥ = 5%°; there is no measureable attenuation of the radiowave
energy flux in the decimeter range (in the case of Y = 1.5° the attenuation

-
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is less than 5%). The frequency dependence of the parameter o can provide
information on the mechanism of radiowave attenuation in circumsolar space,
but at the present time there are insufficient data with which to determine
the frequency dependence off).

3. Influence of the Interplanetary
Medium on Radiowave Propagation

A solar activity change must lead to an intense change in the prop-
erties of the interplanetary medium.

Observations on radio emission from the Taurus-A source (Ref.
14-16) have shown that there are irregular changes in the signal inten-
sity. Both a sudden decrease, and a long, stable increase in the
received signal level have been observed. Naturally, these facts can
be explained by radiowave refraction - by the influence of electron
concentration nonuniformities. However, the possiblility is not
excluded of attenuation or intensification of the received radiowave
intensities, which are related to the influence of the irregular
motion of plasma bunches. This can lead to multiple-wave propagation
of radiowaves, and consequently to interference fadings during radio-
wave propagation in the interplanetary medium. ﬂmshﬁy(&f.rﬂ
indicated that these fadings were apparently observed when signals were
received from "Pioneer-5".

An analysis of signals having the frequency 183.6 Mc from "Mars-1" /231
showed that there were no regular fadings, which can be readily explained
by the satellite rotation. Fadings are irregular in nature, which makes
it difficult to explain them entirely by the influence of ionosphere non-
uniformities or by random rotations of the polarization plane due to the
Faraday effect. The study (Ref. 18) presented data on signal reception
at a frequency of 183.6 Mc from a distance on the order of 0.2 million
km. Regular fadings were observed, which can be readily explained by
the satellite rotation.

Thus, 1t must be assumed that the occurrence of additional fadings
caused by the interplanetary medium is possible during the propagation
of monochromatic radiowaves of a meter range at a distance on the order
of tens of millions km.

Data are presented in (Ref. 1) which indicate acorrelation between
the level of the signal received from "Mars-1" and solar activity.

It should be noted that there are experimental data at the present
time (Ref. 19) indicating that the distance to Venus, measured by the
radio location method, is correlated with solar activity.

The signal spectrum must widen when radiowaves are propagated in a
moving heterogeneous medium. During the location of Venus (Ref. 20) at
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a 440 Mc frequency, it was found that the reflected signal spectrum
changed with time irregularly. This ~range amounted to 0.5 cps, i.e.,
the relative spectral line width was apparently caused by the inter-
planetary medium and was on the order of Af/f = 107° at this frequency.

L. Possible Mechanism of Monochromatic
Radiowave Attenustion

It can now be stipulated that the interplanetary plasma moves at a
velocity of dbout 500 kmesec * at a distance of ~ 150 million km from
the Sun. The electron concentration at these distances is on the order
of 10 em ®. These quantities have values of 30 km*sec * and 10% cm 5
respectively, in circumsolar space at a distance of 20 million km from
the Sun (Ref. 21-24). Interferometer measurements have shown that the
circumsolar plasma 1is nonuniform, and that the nonuniformities have a
wide spectrum from several tens up to several thousands of kilometers.
Thus, the interplanetary and circumsolar medisa represent a nonuniform

rapldly-moving plasma.

The spectrum of monochromatic radiowaves passing through a moving
nonuniform plasma will change. This change can be caused by the follow-
ing related mechanisms: Scattering by moving nonuniformities with a
Doppler shift of the scattered radiowaves, scattering by plasma waves,
and also random phase modulation of radiowaves passing through a nonuni-
form medium. These mechanisms are apparently related, and exist simul-
taneously. One possible mechanism for the spectrum change, caused by
random modulation of the monochromatic radiowave phase willl be investi-

gated here.

During the propagation of radiowaves in a statistically nonuniform
medium, the mean square of the phase fluctuation AS® is determined
(Ref. 25) by the following type of expression

. Yo R
AST = L AnPKELD. (3)

Here Mn® is the mean square of the refractive index fluctuation; K=2ﬂ/X -
the wave number; L - the path length; b - the nomuniformity scale. It

is assumed that the correlation function of the refractive index fluc-
tuation 1s isotropic N(p) = exp(-p/b)z. If it is also assumed that the
nonuniformities are "frozen", and theilr motion is caused only by solar /232
wind, then the temporal correlation function of the radiowave phase
fluctuation is, according to (Ref. 25),

-~

— (V/vy=], (1)

W{T) = exp

wnere V ig the transverse velocity component of the solar wind. The mean
guadratic value of the phase fluctuation and its temporal correlation
function determines the energy spectrum Flw - ub) of a radicwave passing
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through a moving, nonuniform plasma (Ref. 26). The following expression
for the energy spectrum of the phase fluctuation follows from (4):

G(m)zzb”{ge‘% (5)

Iet us replace the phase fluctuation spectrum obtained (5) by a uniform
spectrum equivalent to the given spsctrum in mean strength. The
equivalent band of such a spectrum is

14
Afequi= o Vb (6)

The energy spectrum width of radiowaves randomly modulated by phase is
given by the expression (Ref. 26)2

AF:T;//—Z;VﬁAfequi (7

We should note that (7) is valid for ,/AS® >> 1. Utilizing the expressions
for the mean square of the phase fluctuation in a nonuniform medium (3),
(6), and (7), we can obtain an approximate formula for calculating the
spectrum width of radiowaves passing through a moving, nonuniform plasma:

AP 975 LA/ L (8)
c i b

Here AN is the electron concentration fluctuation in m™®; f - radiowave
frequency in cps and AF in cps. Iet us estimate the possible width of
the §?ectrum AF. If we set f = 180 Mc, L = 50 million km, V = 500 km
‘sec *, AN = 10 cm 2, then in the case of b = 1000 km AF ~ 2 cps, and in
the case of b = 10 km AF =~ 20 cps.

When the width of the receiver band Af is significantly narrower
than the frequency diffusion AF, apparent a%%enuation of monochromatic
radiowaves will be observed, although the total energy flux of the radio-
waves will not decreasz. In the case of Afy,. < AF, the apparent radio-
wave attenuation x, caused by expansion of the signal spectrum, will be

Al
#qp” —101g (—A“;g) (9)

Thus, for tenable values of the interplanetary medium parameters,
attenuation of monochromatic radiowaves of a meter range is possible,
caused by a change in the signal spectrum. We must keep the fact in
mind that the existence of plasma waves is possible in the interplane-
tary and circumsolar plasma. The scattering of radiowaves by plasma
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waves must also lead to a significant change in the radiowave spectrum
(Ref. 27), particularly to side components in the spectrum which are
removed from the carrier by the plasma frequency magnitude. In the
general case, both diffusion of the main frequency, and the appearance
of side components must be observed in the energy spectrum of the radio-
waves. During the propagation of monochromatic radiowaves in circum-
solar space, we must expect greater attenuation of meter radiowaves at
the frequency f, since the electron concentration fluctustion can amount
to 10%cm 2. Radiolocation of Venus was recently carried out in the
A=6m (Ref. 28) and X = 7.8 m (Ref. 29) ranges. During radiolocation
of Venus in the meter wave range, approximately the same values were
obtained for the effective scattering diameter as in the decimeter

range (Ref. 30). This indicates that there is no attenuation of the
radiowave energy flux. Since integration over the frequency spectrum
was performed during location of Venus in the meter range, these
experiments cannot indicate either the presence or the absence of
attenuation of radiowaves received by a narrow-band receiver at the
frequency f.
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THE PASSAGE OF ELECTROMAGNETIC WAVES HAVING
SUPERLOW FREQUENCY (SL¥F) THROUGH IONOSPHERE PLASMA

(Summary)
V. I. Bksenov

1. This study obtains a rigorous solution of the problem regarding
flat, SLF electromagnetic waves passing through the plane-stratified,
magnetically active ionosphere plasma in the case of longitudinal propa-
gation (angle between the wave normal vector and directlon of the outer
magnetic field is zero; magnetic field is perpendicular to the layers).

On the basis of the solution found, formulas are obtained to deter-
mine the reflection and penetration factors of two characteristic waves
- ordinary and extraordinary.

2. The formulas obtained are used to compute the reflection and
penetration factors in the 1.5-100 kc frequency range for diurnal and
nocturnal ilonosphere models. The concentration and effective number
of electron collision dependences, which were used to perform the compu-
tations, are similar to those known in the literature (Ref. 1-3).

These computations establish the fact that an ordinary wave barely
penetrates the ionosphere in the frequency range under consideration.
The figure below presents the results derived from computing the depen-
dence of the penetration factor on frequency for an extraordinary wave.
The penetration factor values (which represents the ratio of the mean
[in time] energy flux for a passing wave to the corresponding flux for a
wave penetrating the ionosphere) were calculated for the diurnal iono-
sphere model at an altitude of 100 km, and for the nocturnal model at an

gltitude of 200 km.
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3. As can be seen from the figure, the factor for penetration through
the diurnal ionosphere at a 1.5 kc frequency is 13%; with an increase in
frequency, its value decreases monotonically to 1% at a 20 kc frequency-.
Electromagnetic waves with a 100 kc frequency barely penetrate the diurnal
ionosphere.

4. The penetration factor is considerably larger for the nocturnal
lonosphere model than it is for the diurnal model, and reaches its maximum
value in the vicinity of £ = L4 kc frequency. The presence of this maximum
may be possibly one of the reasons leading to a lower damping decrement for
all spectral components of whistling atmospherics, which lie in the 3-5 ke
frequency band. Storey (Ref. L) first discovered the phenomenon of this
attenuated damping in this frequency range.

5. The results of computations carried out in the geometric optics
approximation (dashed line in the figure) do not coincide with a rigorous
solution of the wave eqguation at frequencies less than 10 ke, and this
divergence increases with a frequency decrease. At the 1.5 ke frequency,
the penetration factor, which is found in the geometric optics approxima-
tion, is 1.3-1." times greater than the corresponding quantity obtained by
a rigorous solution of the wave equation.

This fact must be kept in mind when results from (Ref. 2, 3) are
examined The geometric optics approximation was employed in these studies

to compute the penetration factor of SLF electromesgnetic waves through the
lonosphere.

REFERENCES
1. Ratkliff, Dzh. A. Upper Atmosphere Physics (Fizika verkhney atmosfery).
Fizmatgiz, 1963.

2. TFligel', D. S. Geomagnctizm i Aeronomiya, 2, No. 5, 886, 1962.

3. Fligel', D. S. Komleva, G. D. Geomagnetizm i Aeronomiya, ', No. 1,
b1, 196L.

4. Storey, L. R. Philos. Trans. Roy. Soc., A246, No. 908, 113, 1953.

315



I1r

INTERACTION OF ARTIFICIAL EARTH
SATELLITES WITH THE IONOSPHERE

316



INTERACTION OF MOVING BODIES WITH A PLASMA -
(Introductory Remarks)

Ya. L. Al'pert

In recent years there has been an increase in the number of works /237
devoted to studying the properties of an electrically charged, nonuniform
cloud formed in the vicinity of a body (particularly, a moving body)
located in a strongly rarefied plasma. Research in this field has recently
been summed up in the works (Ref. 1, 2). However, since these works were
written new theoretical results have been obtained, and several numerical
computations have been performed (Ref- 3-5). It is particularly important
that there has also been experimental research conducted both on AES
(Ref. 6) and conducted under laboratory conditions (Ref. 7-8); to a certain
extent, this research can even be compared with the theory for these pheno-
mena. Some of these new results will be partially examined in the succeeding
reports.

The current state of plasma physics, which has risen due to the
launching of artificial satellites and space rockets, is similar to a cer-
tain extent to the state of solid media mechanics after the airplane was
invented. dJust as the development of aviation necessitated a study of the
aerodynamics of a compressible gas flow around a body, the development of
artificial space vehicles has necessitated the development of a theory for
the kinetics of a rarefied ionosphere plasma flowing around these vehicles
in space. The interaction of the vehicles with the plasma does not influ-
ance their motion, as is the case for airplanes, since the friction force
caused by the plasma is small in this case. However, phenomena produced
around the vehicle are, in the first place, of great independent interest.
They have several features which are of general importance for plasma
physics. Secondly, their study is important for the correct formulation
and interpretation of many experiments which are performed on space vehicles,
utilizing them as a laboratory for studying the properties of the surrounding
medium.

A theoretical study of these phenomena encounters significant diffi-
culties. This is primarily related to the plasma rarefaction. In the
media under consideration, the mean free path not only of electrons 1., but
also of ions and neutral particles 1lj, 1, satisfy the inequality 1,2 li>> Ry,
where R, is the characteristic dimension of the body. Therefore, in order
to describe all of the phenomena we must utilize equations of the kinetic
gas theory. They are more complex than hydrodynamic equations, because a
larger number of measurements - the phase space of particles - are recorded
in space. In addition, they differ essentially from the problems of hydro-
dynamics due to the fact that particles in a plasma are charged electrically.
This leads, in particular, to the necessity of allowing for the influence of
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Figure 1

Angular Dependences of Relative Electron Concentration
Distribution & N/No for Different Values of op = Vb/Vi
Behind a large Body

the electric and magnetic fields on particle motion. There are three new
parameters in the theory, which have the dimension of length; these para-
meters are missing in normal hydrodynamics, namely: the Debye radius

D = (xT/hme®)% (N - charged particle concentration, T - temperature), /238
and the Larmor radil ppyj and py, of ions and electrons. ©Such a large
number of parameters naturally makes the equations significantly more
complex. Therefore, an important factor in solving these problems is

the utilization of inequalities between these parameters which exist
under real conditions; this makes it possible to clarify the qualitative
picture of the phenomena and to simplify the equations to the maximum
extent.

These problems are of particular interest for rapidly moving bodies,
i.e., when the velocity of the moving bodies Vo 1s much greater than the
thermal ion velicity vi, which occurs when the AES moves in the ionosphere
and in the vicinity of the interplanetary medium closest to the Earth.

Many studies have been devoted to a theory of the phenomena thus formed.
They are collected in the monograph (Ref. 1). However, several experimental
data characterizing certain properties of these phenomena have also been
published at the present time. Thus, for example, the angular distribution
of particles behind an artificial Earth satellite has been studied (Ref. 6).
An analysis of these data shows that they closely coincide with the results
obtained theoretically in the angular region of approximately 90-60°. 1In
the region of exponentially-small concentration values (small angles with
the velocity vector) the number of particles determined experimentally is
significantly greater than that given by the formulas. This is primarily
related to the necessity of complete and rigorous allowence for the elec~
tric field influence on ion motion in this zone in the theory, which has

not been done up to the present due to computational difficulties. We must
also keep the fact in mind that close to a body the particle distribution

is particularly sensitive to the form of the body and the gas composition.
In particular, light hydrogen ions,even in a relatively small amount,can
strongly change the particle concentration which is proportional to

exp[- Vi/Vb)dj in the absence of an electric field.
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Angular Dependences of the Function of 8N/N, for a Point
Body for Different Values of ogp = Vb/Vi

The plus sign designates regions of charge accumulation;
the minus sign designates rarefactlion regions.

It can also be stated that laboratory measurements of particle dis-
tribution in the outer magnetic field close to a body and behind it,
which were performed in (Ref. 8), have revealed the expected periodic
distrihution of particle concentration around the body axis, and closely
coincide with the concentration periodicity Ni (r) which was obtained
theoretically (Ref- l).

The effect of the electric field on the nonuniform cloud structure
is only taken into consideration in the farther zone of the moving body.
The ratio N(r,@) - NO)/NO behind the body for different values of
0o = Vb/Vi ig shown in Figure 1. It can be clearly seen from this figure
that there is maximum perturbation on the surface of a cone with the
aperture angle tg Oy ~'l-3(Vb/vi) Y. This surface coincides with the
Mach cone for ion-sound waves. However, the nature of the concentration
perturbation is different from that given in hydrodynamics. The perturba-
tion N(T) is essentiaglly determined by the influence of the electric field,
which leads to a decrease in 0N = N - Ny in the inner cavity of this cone,
i.e., to a certain focusing of the particles along the body's axis of
motion. Naturally, the cone is also very diffuse, which is related to /239
wave damping. It is interesting to note that for a small body, whose linear
dimensions are smaller than the Debye radius D, the perturbation ON has an
accumulation region around the body axis; the rarefaction region follows
this, and then the change to an unperturbed value Ny. This can be seen in
Figure 2, in which the accumulation regions are designated by the plus sign,
and the rarefaction regions are designated by the minus sign. This particle
distribution can apparently be explained by the fact that the computations
were made for a point charge, so that ions are not gbsorbed by the body,
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Figure 3

Results Derived from Laboratory Measurements of the Angular
Distribution of Ion Concentration Behind a Body Located in an
Advancing Stream of Ions With Velocities of ap = Vb/vi on the

Surface of the Body

i.e., their number is retained. Therefore, if there is rarefaction at one
point in space, then there will be accumulation at another point. However,
we should note that an analagous situation occurs for large, very strongly
charged bodies, when Ry » D, for which ion deflection by the field will be
greater than their absorption by a surface. Such a strongly charged body
can focus the ions close to the axis. Moskalenko (Ref. 9) obtained such a
result theoretically. This phenomenon has been recently observed in labora-
tory experiments (Ref. T7)- Figure 3 presents the corresponding distribution
curves N(r,v)/Nb, obtained fairly close to the body. It can be seen from
the figure that when the body has a zero potential(qb = 0) there is only a
rarefaction region, while for ¢y, = -107 v a strongly expressed accumulation
region is observed, i.e., the particles are focused. Quantitatively, these
curves differ from the theoretical curves, because the measurements were
conducted in the neighboring zone of the body at a distance from its center

of r = LRy, and for agvh.

Plasma stability in a perturbed region is a particularly important
problem which is included among the theoretical problems which have not
been solved up to the present time. As is known, theoretical studies have
shown that the overwhelming majority of possible stationary plasma states
is unstable. In our case, the situation is somewhat different, because
we are dealing with directional ion motion. This must contribute to stabil-
ity. Nevertheless, the problem has still not been clarified completely, and
necessitates careful study, particularly if we keep in mind the influence of
the ouber magnetic field of the Earth, which greatly facilitates instability
during the motion of a body exactly along the field.

Thus, the future development of a theory for the phenomena considered
necessitates the solution of several problems, with allowance for the mag-
netic field, influence of the electric field in the zone adjacent to the
body, as well as an investigation of the stability of the perturbed plasma
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region. We should also note that in the case of a slowly moving body /240
(body at rest), when we are speaking of a probe theory taking the mag-

netic field into account, there is not one complete computation which

would make 1t possible to interpret the situation arising, for example,
during probe measurements in the ionosphere or the interplanetary medium.

The influence of the magnetic field must be very great in many cases.
Therefore, the development of this theory is one of the urgent problems

in this research area.
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BRAKTNG OF BODIES MOVING IN A RAREFIED PLASMA

A. V. Gurevich, A. M. Moskalenko
1. Interaction of Bodies With Neutral Molecules /241

The bfaking of bodies moving in a rarefied plasma is caused by their
interaction with neutral and charged particles, as well as with the electro-
magnetic fields.

Y

Interaction with neutral molecules and atoms naturally plays the main
role for small degrees of plasma ionization. In this case, consequently,
the braking of a moving body in a plasma 1s the same as during the motion
in a neutral rarefied gas, where the particle mean free path 1 is much
greater than the body size R. This problem, which has been investigated in
several works (see, for example, [Ref- l]) has been sufficiently studied.

For higher degrees of ionization, the interaction of the body with
t arged particles - electrons and ions - as well as the interaction with
electric and magnetic fields in the plasma is significant. Generally
speaking, in order to solve these problems it 1s necessary to know the
complex structure of the perturbed region in the vicinity of the body
moving in the plasma. Therefore, the discussion of these problems in
works by previous authors (Ref. 2-9) has not always been systematic enough,
and frequently was only provisional in nature. A more detailed investiga-
tion was required. The rigorous solution of several of these problems is

the purpose of thils article.

For purposes of completeness, let us first examine the interaction of
a body wich neutral molecules, atoms. The braking force F, equals the
total impulse transmitted to the body per unit of time by gas molecules,

i.e., by definition

Fp= \ (v—v)(mv)w (v, vy, 1) fo (V) d*edPe, d.S.

(1)

(v, < v, nv >0)

Here M is the mass of a gas molecule; v, - 1ts velocity before col-
liding with the body surface; v - the velocity after collision; n - the
outer normal to the body surface at the collision point Ty fo(vl) - the
distribution function of particles falling on the body surface. It is
advantageous to investigate the problem in a coordinate system connected
with the moving body. It can be assumed that the function fo(vi) is g
Maxwell function

f ey M Ny e
To(0) = (g ) Now exp = Gy (Vi Vo (2)
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where N_ is the molecule concentration; T - gas temperature; Vo - body
velocity.

Finally, @w(v, vy, rg) is the scattering probability (see [Ref. 10],
section 3b), i.e., the probabllltv that a particle, falling with a velo-
city v, on a surface point rs, is reflected by it with the velocity
V. Substituting the expression for the scattering probability W and the
fUnctlon fo in formula (1) and integrating over all velocities of particles
a> Vid v falling on the surface (nv1 < O) and reflected from it (nv > O),
and also over the entire body surface dS, we can readily calculate the
braking force.

By way of an example, let us examine a sphere of the radius R, mov&ng
in a rarefied gas at the velocity V,. Let us assume that the law govern-
ing particle scattering on its surface is a specular law, and then accord-

ing to (Ref. 11): /2k2

¥

*) I ’ ’ ’ ’
ay = — s N,“/;T[i:“:'\ viviexp {— (v; - V)2 dPo; =
I o

I
1

— Ay )'—’/.]’ "(") f i I_n) ¢! o1/"2
— Nl i D (Vo) |2Vt 421 — -_]
\

- V;)z ' yak)
(17—210)}, (3)
17 3/ 4

Vo=V VT = Ve IT, @ (z) = _ZTge-xz dz.
Va g

Here ¥(z) is the probability integral. The braking force moves in a
direction opposite to Vu; therefore, only the quantity F is given below.

For a small sphere veloc1ty VY << 1, Stokes law is valid for the
braking force
8/ S/ v
F,= SR N VTV,

e (%)
For a high velocity V'g >> 1
Cpom= Nl VE = 2N Ma/le,. (5)

Particle scattering on the body surface also plays an important role.
For example, for the braking of a rapidly moving sphere, in the case of
elastic scattering according to the Iambert law, we have

’ Janrie 26
FTl == r,nﬂ:/l’\;ﬂl VO 9 N 7IL'TCR080 (6)

Thus, the nature of particle reflection from a surface sighificantly
influences the braking force. This becomes even more apparent, if the
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braking force is divided into two sections - Fy, related to particles
falling on the surface, and Fop related to particles reflected from the

body surface:

Fo=Fp+Fope=—M S vy{avy) fod®v,dS + .Mgv(nvl) wfodvd3v, dS.

The force Fq, does not depend on the nature of the particle interaction
with the body surface. In the case of a rapidly moving body, we have

Fin= N RIMVE = 2N, Rig,. (7)

For a slowly moving body we have

J ﬁ wt Ry Y KT MV, (7a)

The force Fgp depends significantly on the nature of particle reflection
and on the form of the surface. This can be clearly seen, for example,
from formulas (5) - (Ya). In particular, Fgp = O for specular scattering
on the sphere.

We should point out that it is not possible to allow for the thermal
scatter of the velocities of particles impinging on the body, when cal-
culating the braking force of a rapidly moving body (V'O >> l), i.e., it
must be assumed that

fo(ve) = Nud(vi + Vo). (8)

This simplifies the computation considerably.

2. Braking of a Iarge, Rapidly Moving Body

Let us now calculate the braking force produced by the interaction of
a body with charged plasma particles - ions and electrons. We should first
note that if T, << TlM/m and the body surface does not have a high positive
potential © >>° kT /e, then the interaction of the body with ions plays /243

the basic role.

Iet us investigate a large, rapidly moving body, i.e., a body which is
large as compared with the Debye radius in a plasma(R >> D), and a velocity
Vb whlch is 51gn1flcantly greater than the thermal ion velocity

= kT/M 1. In this case, the electric field distribution in the vicinity

of the body is given in (Ref. 10).

Iet us divide the braking force into two parts. The first Fg is

This case occurs, in partlcular, during the motion of rockets and
satellites in the ionosphere.

1
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caused by particles colliding with the body surface. The second F, is not
caused by particles colliding with the body, but rather by particles inter-
acting only with the electric field in the vicinity of the body. It is
assumed that particles impinging in front of the body surface make the main
contribution to the force Fs' On the other hand, particles interacting
with the perturbed trall behind the body make the main contribution to the

force F c”

The force F_ is naturally determined by expression (1). It is thus
assumed that in the case of a rapidly moving body the thermal ion motion
can be disregarded. The influence of a weak electric field on ion motion
in a quasineutral plasma in front of the body must be disregarded in the
same approximation. Consequently, the function fg, (v1) at the outer boun-

dary of a double layer is given by the expression (8):
Jo (Vi) = Nob (vi 4 V),

where Ny is the ion concentration in an unperturbed plasma.

The probablility W depends essentially on the nature of ion interaction
with the body surface. Usually an ion is neutralized (recombined) when
colliding with a surface. ILet us assume that an ion moves at a velocity of
Vino in the direction of the inner normal to the body surface in the region
of a quasineutral plasma. In a double layer, the ion velocity will increase
due to the attracting electric charge of the body (it is assumed that the
body reflects negatively). On the body surface, the velocity with respect
to the normal is ’

O 2 (eo — Be;) 1Y/
o= [ 2o 1 ©
Here ¢o is the potential of the body surface (wc>< O); €y - lonization
energy; B ~ numerical coefficient depending on the surface properties (the
last term in (9) takes into account the work of the image force). Let us
assume that an ion is recombined at the body surface. The neutral atom
formed collides with the surface, and is reflected from it at a velocity
Vg’ depending upon the scattering law on the surface. The initial ion
velocity vin changes due to collision with the surface at a velocity of vy-
For example, in the case of specular atom scattering on a body surface, the
initial normal velocity component Vin0 changes tO‘Vin, where Vin is deter-
mined by formula (9), and the tangential component is retained, i.e.,

. -

un:é{v——vi——n[@v)—wnvﬁné{nv——[mvﬁ2;LEﬁ?%§Eﬂl]%}. (10)

In the case of elastic diffusion scattering, according to the lambert law
we have

v

w= (5{7)—- [z;f S Be) ]‘/2‘ nv (11)
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Figure 1

Dependence of the Braking Force of a Large Rapidly Moving'Body
on the Potential of the Body

1 - For specular ion scattering with their neutralization on the
body surface; 2 - for elastic diffusion scattering of ions with
neutralization.

Substituting the distribution function (8) and the expressions for the
scattering probability (10) and (11) in formula (1), we can calculate /24
the force FS. In the case of specular scattering we have

P P a4 i i, a . o, @, s
Fo= Nyl 14 @)= 5 (L @) — = Awsh A ,/a] : (12)
where W= — {rGy — 2&1)[€0,
for o € 1 n
F“ - Z‘VU“’T/‘,G‘UU (L ":‘ (1/2);
for a > 1
, . . 9 g i

It_can thus be seen that the braking force increases proportionally to
VLWb with an increase (with respect to the modulus) of the negative
potential of the body surface.

In the case of diffusion (according to Lambert) scattering we have

. 5ar ol 4 F
Ir = Zﬂﬂﬂlﬂﬁokxﬁ"f‘s/“T(»- (lh)
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The dependence of the force F_ on the body surface potential for
different scattering laws is shown in Figure 1 (curve 1 - specular
scattering; 2 - scattering according to the Lambert law). It can be
seen from the figure that the force Fg increases most vigorously with
an lacrease in lwol in the case of specular scattering.

It should be noted that total ion neutralization on the body sur-
face was assumed gbove. If there is partial ion reflection from the
surface with the reflection coefficient R;, then the expressions obtained
for Fg must be multiplied by (l—Ri), and the portion of the braking force
caused by reflection of non-recombined ions must be added to them. For
example, for specular ion scattering on a body surface, this portion of
the braking force is

o= 2N i, 12, (15)

It is less than the force (12), and does not depend on the surface
potential. The rcason for this lies in the fact that a reflected ion in

a double layer is retarded due to the influence of the electric field,

and restores the additional impulse acquired when 1t approached the body
surface. Consequently, ilon recombination on the body surface is essentially
indlicated by the mognitude of the braking force.® Jastrow and Pearse (Ref. 2)
were apparcntly the first ones to point this out. Interesting phenomena /245
occur duc to ion reccombination, if the body surface is nonuniform (Ref. 12).

Iet us now discuss the braking force caused by ion interaction with
the electric fleld. When a body moves in a plasma, an electric charge
appcars on its surface which produces a field in the immediate vicinity.

An clectric Tield exists in the long trail extending behind the body.
Interacting with these Tields, the ions are deflected from rectilinear
trajectories, due to which fact the braking force changes.

If, however, the followins condition is fulfilled

Dol h AN -
T T A e L L= (16)

A metallic body located in a plasma is usually charged negatively up to
the potential g mf—(h—S)kT/e. It can be secn from formula (9) that
particles cmitted from the body after recombination have an energy greater
than 5 kT. The source of this encrgy (apart from ionization energy) is
the thermal energy of plasma electrons. Actually, only rapid electrons
belonging to the tail of the distribution function can fall on a nega-
charged body. Due to this fact, thc electron gas in a plasma cools off.
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where D = (kT/hnesz)% is the Debye radius, then these corrections to the
braking force are small:

AF, kT

3

TF T My <1 (17)

This reiult is substantiated in detail in (Ref. 11), and also in (Ref. 2,
6, 8’ 9 .

3. Braking of a Small Body

Let us now examine the case of a small spherical body - sphere, whose
mdius Ry is much less than the Debye radius in a plasma. When the condi-
tion

l@ql<ké’£‘o" . (18)

is fulfilled, where ¢, is the body surface potential, the electric field
in the vicinity of the sphere is a Coulomb field up to distances on the
order of D (see [Ref. 10], section 4O). 1In the case of r > D, the field
decreases much more rapidly than the Coulomb field. In this case far
removed regions(r > D)make only a small contribution (on the order of, or
less than, l/ In (D/Ro)), so that it can be assumed the electric field in
the vicinity of the body is a Coulomb field, when the braking force is
computed .

The body surface potential will be assumed to be negative (qy < 0),
for purposes of simplicity. In this case, lons are attracted to the body,
and electrons are repulsed.

Below we shall investigate both elastic scattering and ion recombina-
tion on a body surface, and it will be assumed that electrons are absorbed
upon collision with the body. In contrast to a large body, the interaction
with electrons can play a significant role in the case of a small body.

Just as was done previously, let us divide the braking force into two
portions: Fs caused by particles colliding with the body surface, and Fa
connected with particles interacting only with the electric field. In the
case of a small body, the role of the force F. is much more significant
than in the case of a large body, which was examined above.

Iet us first investigate the force F_ . It is determined, as previously,
by formuls (l), with the only difference being that the wvalue (v-vl) must be
now taken not on the surface S, but at a large distance from the body (r**w),
since we are interested in the total change in particle momentum resulting
from its interaction with a body and with the electric field. It is
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advantageous to distinguish between the components resulting from the /246
interaction with particles falling on the body Fls and particles
reflected by Fog in the force Fg:

¥y =T + F,y (19)
Flo=—2M \ (YD) |r 5 00 (nVy) fo (v1) dP0, dS; (20)
v, < 0
Fo =21 \ (V) |r > oo (MVR) w (v, V1, ¥) fo (V1) d0d?v, dS. (21)
nv, < 0
nv >0

The entire investigation will be based on the coordinate system
connected with the body itself; the z-axis coincides with the body direc-
tion of motion. The braking force is directed éTbng\Ehis axis.

. Interaction With Incident Ions and Electrons

On the basis of (20), the braking force by incident ions is

e =M & (212) |r > o0 (AV1) fo (¥ 1) &0, dS. (22)

We can find vj, in the case of r —» «. Taking (Ref. 13) into consideration,
we obtailn ’

(pll‘)!l‘ oo = [— v cos (vlv VO)] =

5
3 =81 ’ . .
:=——y/hjf(cosClcosv—}snxClsuxvcosqh)

(23)

The computations at this point, and also later on, are similar to those
performed in (Ref. 13). Therefore, we shall primarily use the notation in
(Ref. 13), and an asterisk will be used to indicate references to the
formulas in this work.

The primes at cos C; and sin C; indicate that these functions are
selected for incident particles. It is interesting to note that vy, is
expressed in the case of r — « by motion constants (for points on the
body surface): €, - energy of incoming ions; C;' - constant characterizing
orbital orientation in the half-plane of motion; & and Y, - angles charac-
ter izing the momentum moment orientation.

For (nv,) we have

nVy == vy, = — Tlf V3R (81— o) — (Aba] 1R0)", (ok)
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Figure 2

Dependence of Braking Force Fg of a Small,
Rapidly Moving Body on the Potential

a - Specular ion scattering with neutral
ionization; b - elastic ion-scattering with
neutralization.

and the function fo(vl), according to formuls (12)*, is

M

\-'IIJ ,
fo=gmr) Vooxp [Q (en, Cuv ¥},

. il ,
Q (en, Coy ) = — v [&1 + &0 — (25)

— 2}/8180(605 Cicos ¥ + sinC sin® cos V).

When integration is performed in expression (22), it is advantageous
to change to the variables g and/Vlez

dinde;d A%

e p— =L
1 OMER2Y DA (61 — | Tl '
L 3 K (81 - eq)u) -_— (‘/1{1/1{0)2

(26)

Teking into account (23) - (26), we obtain the following for the
braking force by incident ions:
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- 2=

bed By [+ ]
. : 8 —

Fi= ‘—"——\ in O do\ dy \

1 ol (KT 65111 a x‘}é d, . Ve, dey X
0

& (€1, ®o)
X S (cos Cicos & + sinCysin® cos ;) exp [Q (e, Cy, Wy)] duis?,
0

(27)

k (&1, Do) = 21V I (81 — eqy).

We shall give the expressions for the braking force F in two cases,
when the body velocity is much greater, and much less than the ion thermal
velocity (Ref. 11).

(a) The body velocity is much greater than the ion thermal velocity,
i.e., € /KT > 1.

The braking force Fls is:t

Fry = 2.Ngtiie, (14 ° D) (14 2y (28)

Eg €

For ¢y = 0O, the braking force by incident ions Fl equals the braking
force by incident neutral particles Fq, (12), as must ﬁe the case. In the
case of e |w]| ¥ e

IV 32 1 |
Fln = —41\07‘1(08\(‘”0;,

(29)
i.e., the force Py, does not depend on the mass of incident ions.

Figure 2 presents a graph showing the dependence of Fls/Fln on
—erp/es (curve 1). /248

(b) _The body velocity is much less than the ion thermal velocity,
i.e., /ex/kT € 1. 1In this case

o S ﬁ/‘—’ r 2 T - "
Fi= = 2 Nolt VETATV, (L= 2 . (20)

Formula, (30) can be written in another form (Figure 3, a,b, curves l):

fq , € @5l
Fls: Flnl\l T >72/;T—> . (30&)

In the case of ¢ - 0, the brakingforce by incident ions Fjg equals
the braking force by incident neutral particles Fi, (7a), as must be the
case.
1

The computations are presented in greater detail in (Ref. ll).
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Dependence of Braking Force F, of Small, Slowly Moving
Body on Potential

a - Specular ion scattering with neutralization; b -
elastic diffusion scattering of ions with neutralization.

If the body velocity is much greater than the electron thermal velo-
city, the braking force by incident electrons is as follows in the case
of e || <mVp?/2 (Ref. 11):

F,o= Non2mV} (1—Ml)%{i+ Q)[Zv_ll<1_m)]}'

S (310)
o=V 2T |m.
and for e |y >mV,"/2 in the approximation under consideration
Fse = O (3lb)

Here m is electron mass.

If the body veloclty is much less than the electron thermal velocity,
we obtain (Ref. 11)

; _8V32 223/ T soelpely o efol .
Fu=or Noults VT m Vo (14 Sh=)exp (— 4 ) (32)

Comparing (31&) and (32) with (28) and, (30) we find that the braking
force by incident electrons is much less than the braking force by inci- .

dent ions.
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Interaction With Reflected Ions

Elastic specular scattering of ions from the body surface.

If elastic specular ion reflection from the body surface takes place,
then the magnitude and dir ction of the momentum moment and the ion

energy do not change during the reflection. We therefore have

w = 2M*R3V 2M (81— 2B0) — (1] Ro)* 8 (Y1 — ) 8 (e1— €) & (M] — ). (33)

In writing the probability W, we make allowance for the normalization -
wa®v = 1. The quentity v, is found in the case of r — * in the same way
as vig is found in the case of r— ® [see (23)]:

(vl) [r—»oo = —‘ ZT:;_H (Cl'p ﬁlv‘p)v

oo (31)
H (Cy, 81,%) = cos C; cos & — sin €y sin ¥ cosp.

Substituting (24)-(26), (33) and (3L) in (21) and integrating over
d‘l’ldeld/ilz, we have

No ¢ &
Fa = st G s1nﬁd§ Vsdsx

K(e, @) (35)
x \ H(Cy, 9, ) expQ (e, C, )] duit?.

0

(a) The body velocity is much greater than the ion thermal velocity. /2kLg
For the braking force FES’ we have —

Q12
Foy = — Nonklep, S cos 2C, dt. (36)

0

In the case ofag € 1, i.e., e ‘ cp0| > €5, it thus follows that

Fo, == — F ie__l(pol . ' (37)

Thus, for e |cpo | > €, we have the following from formulas (28) ana (37)

FSZFIS_’_F%:FITL%e[(POI (38)

€&y !

i.e., the reflected ions decrease the braking force by ....ident ions.

It is thus understood that the reflected ions, when interacting with the
electric field, lose their impulse, restoringits field, and consequently
the body-.
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(b) The body velocity is much less than the ion thermal velocity.
After the same computations that were performed to derive (28), we
obtain

N2l (— e )8 v, “r®
Fayy = LB-(/(:T)-.J—' 0 ;138 ae v da \ cos 2C, dt. (39)
0 v

In the case W > 1, i.e., e |¢bl > KT - the integral with respect to
da is calculated by the Iaplace method. The values of a, which are close
to zero, make the main contribution to this integral. Finally, we have

1

Fay= — J’wln-_';‘ G‘ (EOL. ()-LO)

According to (38) and (40), in the case of e leo| > kT we have

Fo=Fp sl (41)

In thise case the reflected ions also decrease the braking force by
the incident ions.

Specular ion reflection with their neutralization on the body surface.

Tt will be assumed that the lon velocity does not change during reflec-
tion. However, after the ion 1s neutralized on the body surface its total
energy changes, since a neutralized ion does not have a potential energy.

We shall disregard the work of the force 3¢€i Lsee (9)j from this point on.

Thercfore,
w o= 2N }/5/W\ — P, - -\';{[ ;-/-/?\-,)2 ~

O (1= ) D (ol — ) (2)

€ t'FPDRn/'/') !r_—l.’,p

Tt should be noted that the potential encrgy at any point r, and not
at points on the body surface, is included in the argumcnt of the third

§-function. In addition, as was indicated in (M2), we must set r = Ry, alter
integration, over energy.

In the case of neutral particles, v, can be taken on the body surfacec.
This equals (equa. 3L):

0: = g, 605 U — vy sl cus (L3)
Here
LYY s : 2
Vjy, = N ‘/-.ZAML'—“ (-///J,/‘/L’U)“ Oy = "“:{/I (u3a)

MR, -
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In the same way, we can compute the pressure force by reflected
particles, which coincides with the braking force for neutral particles.
/250
The reflected particle energy changes according to (35) and the
argument of the third &-function changes from -ego to «. After substi-
tuting (42), (43) ana (24) - (26) in %21), and integrating over d¥;de;d. %>
we obtain

[%suLﬂcosﬂ

=(]«p ‘g" de X

—C%o

No
2 QMET)

4025 =~

O;/; 1o

iite, 0)

s § /286 — (TG oxp [Q (6 + e, Cuo, )] duit® —

[

= 2% co ]E(E,.O)
\am-UJ{)\ cos W dp \ de \ 1?& exp [Q (e + ey, Cho, 1),7)](].//&2},
; a0 (4k)
where
Cm \ N N/ dr .
a2 e — () (Ls)
Thus
s / ./[‘)’— « u/[
3 C = 1 —_— o .
oSt =y 2eRE sin o= o V 26 (452)

This value of the constant C; was obtained due to the fact that, as
was already indicatced, the potential energy at any point r is included
in the arpgument of the third &-function in (4k2). Therefore, this &-function
indicates the potential ficld under the integral sipn in the expression for
C, in the case of integration over de¢;. It must thus be the case that after
iong are reflected and ncutralized on the surface, they move along
a straight line.

Ict us make a substitution € + ey = E. Then expression (LY4) assumes
the form

. N
r,,= , \smwmud
at Ty

U

7

mp dls <

SRt
N hl
< /30

il ve)
<\ VLM (18— og) — (A1) oxp [Q (12, Crgy W] dudt® —
[¥]
= 2w o1 i:(lf‘. )
— \ s f;'d‘&"\ Cos Uu\,\ all \

U o () 7]

SN PEQ (, Cuoy W] 7).

(4ha)
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(a) The body velocity is much greater than the thermal ion velocity.
After the same computations as were performed to derive (28), in the
same approximation (see Figure 2, a, curve 2) we have

Fa, = 0. (46)

This result was cbtained previously in (Ref. h) from qualitative premises.
Finally, the braking force caused by ion collisions with the body surface
is in this case

Fy= Fun (14 120, (47)

€p

(b) The body velocity is much less than the ion thermal velocity.
If we perform the same computations as were performed to derive (30), we
find that in this same approximation the braking force Fés is (see Figure

3, a, curve 2)

Fo =0, (18)

Finally, for the braking force caused by ion collisions with the /251
body surface, we have

Fo= Fin {1+ 450) (49)

Elastic diffuse (according to Iambert) ion reflection from the body sur-
face.

The probability w*in this case has the form

A2 1 V 2M (5 — eo) (M7 T} 5

T Y 2M (e — eo) VY 2 (e — eqq)

(81 —e). (50)

(a) The body velocity is much greater than the ion thermal velocity.
The braking force ng equals

NorR2(— ao+2 o2 ,
ﬁ33=p_lﬂiﬁ£A:ﬂhl S cos Cydt \ cos C; dt;. (51)

aa—f—Z
] 0

In the case of ap € 1, l.e., e |¢b| > €y, we thus find in the same
approximation as (28):

Fas =0, (52)

Translator's note: This probably is a misprint in the original foreign
text. The correct term should be w.
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and for ag ® 1, l.e., e |¢b| <€ €yt

4

]

(53)

(b) The body velocity is much less than the ion thermal velocity.
For the braking force Foq, we have

ae—p.a

a2

po o NI (— e v
W= G e
0

a-l-g a2
da \ cos C, dt g cos Cy di;. (54)
0 0

For 4 > 1, i.e., e Iqb| > kT, we thus find in the same approximation
as (30)

F‘ZS:O’

(55)

and for pu <1, i.e., e |po| <kT;

4 i
Fo= Fug (1 + 50)

) (56)

Diffuse ( according_gpAIambegg) ion reflection with their neutrali-
zatior

1 on_the body surface.

For the probability w we have the expression

Az 4

4 V 2Me —(MIR)
W = P ey —- ‘ﬂ‘——a E&1—&—¢ R r =Ry
TV 2M (81— ego) V Zile (& Poffalr) lr—re,

(57)

(a) The body velocity is much greater than the ion thermal velocity.
The braking force ng is

4

- f el ol \*

Fzs“f1n7J‘<1+——£0 > » (58)
and the corresponding dependence of FES/Fln on —eqb/eo 1s shown in
Figure 2, b (curve 2).

On the basis of (29) and (58), we have
| eiol\ 4 (g7 elpo) \*%
1"3-1’1,1[(1—1- o %(1_{_ 800 ) ] (59)

When the influence of the field is disregarded, formula (59) coincides
with (6), as must be the case.
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(b) The body velocity is much less than the thermal ion velocity.
The expression for the braking force in this case has the form (see
Figure 3, b, curve 2):

Foy=F1q, 33 32 (z + 2u) e 2 da. (60)
0

In the case of e |qb| > kT

2 Va e (ol e
Iy = Fi —[U— <—/;7:—> ’ (61)

and in the case of e |¢o | < kT
3, (62)

Taky )

Tet us now examine the force F_ caused by particles which do not
collide with the body, but which oniy interact with the electric field
produced by the body charge. 3ecause this is a Coulomb field, we can
make immediate use of the well-known expression for the braking force
of a Coulomb charge in a plasma, which is usually called the dynamic

friction force [see (Ref. 14, 15)1:

z
1’1 _ Al _‘lA ! g
I1ey == /’l,LU \L———.

a .
4NV 2 (e )?

L

T Z) - )
Fc:Fci-l_Fcc—_“ G/ /0)llll—1—c<h)lﬂ'{m‘--}! (63)

b,

L \UZ‘ ;! v, b, |

where G(x) is the function introduced by Chandrasekhar (Ref. 1k):

G oy = S (6)

[P Y
2z W/ﬂx

Ixpression (63) only takes into account particles interacting
slightly with the field, which make the main contribution to the
braking force F, for large values of D/RO. The maximum collision
parameter b, thus equals the Debye radius. The minimum parameter b
equals the largest of the two quantities: The body radius Ro or the
distance b; at which the particle trajectory changes greatly under the
influence of the field. For example, for ions b, = -e Ro/Mv>. Thus,
the Coulomb logarithm for ions 1, (by/b;) in formula (63) 1is

b, - o APV
= 2 (et b (65)

In _cio
i o LT e Kl

The Coulomb logarithm is determined in a similar way for electrons.

If the body velocity is much less than the ion thermal velocity,
then
bh

-~ - VA .';/-‘.; o e N b, i /e 2
Foefr, = A7 2 N o2y iy, [ty Tm o e ATy e
ct 3 V‘t: -.\ 0«»](0 /_1 ] /0 \ /;'[’ /1 . [)i in - \ /JT j 1;1 bi . (66)
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A graph showing the dependence of Fci/Fln on —eqb/kT is given in Figure 3,a
(curves 3).

If the body velocity is much greater than the ion thermal velocity,
then

o e¢g \2 b et \2
jrci = 21V03'E[f58(, (-“i\ lll—' == l;'lll( ﬂ() ) lﬂ bm‘ . (67)

"n
€0 b‘i & b

i

It is shown in Figure 2, b (curves 3). We should note that the force Fai
decreases with an increase in the body velocity in the case of ¢y > kT.

In the case of Vg, Esvc(M/m)l/6, interaction with electrons becomes
decisive. Figure 4 presents a graph_showing the dependence of the total
force F /A on \/eo/kT. Here A = LriRo“No(eqo)® 1n (by/b) /KT. It was /253
thus assumed that b; = by = b_and the ratio M/m ~ 1.84-10° (hydrogen). The
first maximum F /A occurs for,Jeo;kT - 1.0; the second maximum occurs for
Jeo /KT = Vﬁ7ﬁci 42.9; the minimum F./A occurs for Jeo/KT = 5.0. Fo/A
equals 0.214 at the first and second maxima; FC/A equals 0.06L at the
minimum.

The dependence of the force Fls/A on,Jso?kT is shown in the same
figure for different values of e |¢b| /kT, when the body velocity is much
greater than the ion thermal velocity and the ratio e ]Wb| /€0 is small
Lsee (28)]. 1, (D/Rg) is assumed to equal 10.

z | A
i IR |
a5 B e e o e
| ; 25 ;,! 4 "{i w | Zﬂifjﬂ,ll/éf!ﬂ r?ﬂ/ 156 |
. : -, 1 ! ] . ]
moi = =N\ N
’ / \ ! !,' [ f \ s / l I
NP :
215 | - : ;
| /
J,/Hi
255 /"
7’

Figure 4

Dependence of Braking Force E, on Body Velocity
and Dependence of Force FlS/A on eo/kT for
Different Values of e/®o/kT

Figures 2 and 3 show the total braking forces of the body by incident
and reflected (with neutralization) ions as well as by ions scattered by
the field (curves 4). If the body velocity is much less than the ion thermal
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velocity, it can be seen from Figure 3, a, b that for small e|¢o|/kT ions
colliding with the body surface play the main role in body braking by ions.
In the case of e |qb| /kT 2 1, ions interacting only with the electric
field in the vicinity of the body play the main role. Since in this case
Fo=~ Fci’ and the braking force by incident electrons is much lesc than the
braking force by incident ions, it is clearly apparent that the body braking
force is primarily caused by ions colliding with the body surface for small
e |@| /XT, i.e., F~ F_. In the case of e |@| = kT, the body braking
force is primarily caused by ions interacting with the €lectric field, i.e.,
F=~ F,;» where the force F,; is given by formula (66).

If the body velocity is much greater than the ion thermal velocity,
it can be seen from Figure 2, a, b that for small e |¢b‘/€o ions colliding
with the body surface make the main contribution to the ion body-braking force.
In the case of e |¥b\ /eo 2 1, lons interacting with the electric field in
the vicinilty of the body make the main contribution. Thus, for small
e |wo| /€0, if condition eo/kT > O.u(eq/kT)® 1n (D/Ry) (see Figure L) is
fulfilled, the braking force by ions colliding with the body surface is a
decisive factor, i.e., F=~ Fg. In the case of e !¢b| = €s, the dynamic
friction force Fg makes the ma}n contribution to the body braking force.
In the case of V%o;kT > (M/m)l 6, the dynamic friction force of electrons
Fce makes the main contribution.

~
N
\1
=
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ASYMPTOTIC FOEM OF THE TRAIL OF A BODY
MOVING IN A RAREFIED PLASMA

Yu. M. Panchenko

Tt is most interesting to study the structure of the trail formed /25
behind a body A moving in a plasma (Ref. 1-4). The occurrence of a
disturbed electron and ion concentration in a plasma can be reduced to
solving a system of collisionless kinetic equations for the distribution
function of charged particles, and the Polsson equation for a self-
consistent potential. The necessity of employing kinetic equations is
based on the fact that the mean free paths li ¢ pn, in the plasma which
we shall investigate, are much greater than tﬁe dimensions of the body
itself Ry, as well as the characteristic dimensions of the strongly
disturbed region {Q} beyond A, i.e.,

[i, e, n > {Q} >[(,U-

The Debye radius D = /kT;MﬂeEN, is also an important parameter in
this problem, i.e., the distance at which the field of a point charge
is screened. In its general form, the solution of this problem is
very difficult, since the system of equations describing the disturbances
is multidimensional and essentially nonlinear.

The influence of the electric field on the structure of the disturbed
zone was considered in the works (Ref. 1-3) for a sphere of the radius Ro,
which is much larger than the Debye radius, and for a small charged body
(Ref. 1, h) in the case of supersonic motion of bodies. However, a more .
comprehensive analysis of the corresponding results and numerical calcula-
tions are requisite for studying the structure of the disturbed zone. This
was partially done in (Ref. 6). The distribution of particles around A
has also been studied in works which have appeared recently (Ref. 7, 8).

The present study is devoted to a more detailed investigation of the
trail structure in a distant zone (Ref. ll). By means of a linearized
theory (Rer. 1, 2, 6), the disturbances in the concentrations of ions and
neutral particles have been studied for different ratios ag = Vb/vi of
the body's velocity Vo to the thermslvelocity vi of lons. The corresponding
results were obtained for a sphere, a cylinder, and a body whose dimensions
are much smaller than the Debye radius. The solution of the corresponding
system of equations in the Fourier components Nq and ¢ has the following /255
form (Ref. 1, 2):

— 1 \‘_——,_—‘J(“)* - du (l)
Iau -

. (i"q = ;‘11— ,.\vq, (2)
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where N is the ion concentration; ¢ - the field potential; J(u) - the
collision integral; n =(1/|ql - the unit vector.

17 ~ ——
a == a, “&“ . ao= VoV MJ2IT,
o
I {a) =- (,/:t - 26 \ cxzd.u> e,
Q

(2a)

In (l) J(u) is the only parameter which takes into account the form and
dimensions of A, its wvelocity Vo, the length of the region , and also
the nature of the interaction between the space charge QQL and the plasma.

It is naturally impossible to calculate J(u) in the general case, since the
electric field around the body is not known. Therefore, in each specific
case definite assumptions must be formulated regarding the form of J(u).

1. A WEAKLY-CHARGED SPHERE OF THE RADIUS Bo;
WHICH IS TARGE AS CCOMPARED WITH THE DEBYE RADIUS

If the sphere A is weakly charged, the electric field m(r) of the
body A is screened entirely by ions in the Debye layer, and the field
@Ql(r) penetrating the plasma farther than the Debye radius is small.
Thé energy acquired by an ion located in the field th(r) is much less
than the kinetic energy of ions with respect to the body ep( MVbE/E,
and it can be disregarded in comparison with MVbe/E. Tons with the
impact parameters p which are smaller than pg Ro + D are absorbed by
the body.

For this reason, the influence of the electric field on the quantity
J(u) can be disregarded, and it can be assumed to equal the number of ions
impacting on the surface of the body, i.e.,

J(u)::n/ﬁf;x——\’iﬂw::n/ﬁvn(1———l%-ﬁ—c)(%%)).

: (3)

The substitution of (3) in (1) yields the following for the sphere
(Ref. 1, 2):
"Ny F {a){1--0(ay?)

Ng= a, . — . (4)

q 2 tal’{a)

The influence of the electric field is denoted by a denominator in
this formula. If it is assumed that this denominator equals unity, then

the right portion of (h) is a Fourier form of the corresponding expression
for neutral particle concentrations.

In ordexr to determine the disturbance of the ion concentration from N.,

it 1s necessary to perform reverse Fourier transformation: 4
1 N iar
6NW=AHN—NM:@W'YWM&“ (5)

(a®)
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This was performed in (Ref. 6). According to (Ref. 6), the disturbed ion
density is given by the expression

8N, (r, 6) Ro\2

—— = () @ (a0, ). (6)
A spherical coordinate system with a polar axis is selected here on the /256
basis of the direction Vo; 6, r are respectively, the polar angle, and
the length of the vector r. At large distances 6Ni(r, 8) decreases as
l/r . The angular function fi(ao, 8) is determined by the expression

— 0 O (apt) tdt 1
fi(ag, ) = Zis R (act)

= — \ O (aot)V (¢, a,sin0)do,
Vi~ CR (aot) (¢, a,5in0) do -

where the integral for t in (T) is chosen according to the contour
C*(-l.l), shown in Figure 1, and the function

® (ao, t) = F (aot) [2 + {aptF (agt)] ™™ (8)

Performing integration with respect to the contour C*, and taking the fact
into account that Re @(aot) is an even function, and Im @(aot) is an
uneven function, we finally have

—cos0

fi(ag, 0) = —5 {Re D’ (apsind) Insing + ;— Im @’ (a,sin 0) +
- 1
+ay | Red (af)In (¢ + V' &F—sin?0)dt —

e
s5in 0

sin G

¢ ” . t RO [4)] ((11))

—a q arc s ——d .
0 3 Im @ (ayt) are sin ——-dt + 2 cos 0

+ Re®7 (ap) In (1 4~ cos 9)}. (9)

0
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The angular function fi(ao, 8) was calculated numerically for different
values ao=8, T, 6, 5, 4,73, 2 which corresponds to the velocity of the .
body Vo =8, T, 6, 5, L4, 3, 2 km-sec™t for a plasma temperature of T = 15007 .

Figure 2

Figure 2 presents the results derived from calculating fi(ao, 8) for
different values of ag. It can be seen from Figure 2 that the calculation
of the ion concentration disturbance, taking the electric field into account,
leads to an angular dependence which is new as compared to neutral particles
and to a general decrease in éNi(r), as compared with 6n(r). The disturbance
maximum is now reached at the angle 8y to the direction which is opposite
that of the body's motion, i.e., on the surface of a cone having the angle
of opening 26, which is an analog of the Mach cone in hydrodynamics. For
ao =8, 7, 6, 5, 4, 3, we accordingly have 6, = 0.155, 0.178, 0.21, 0.25,
0.31, 0.45. The disturbance has a minimum along the axis of the body's
motion - i.e., &Nj(ag, 6 = 6p) < N;(ac, 6 = 0).

It is interesting to note that for ag = 3 and large values of [257
ao(ac » 1), fi(ac, B) depends only on one parameter € = ap sin 6.
Therefore, the curves of fi(ao, 6) are the same in Figure 2 with respect
to § for ap = 3, 4, ...8.

We should note that the ratio f3(ag, 6p)/filac, 8 = 0) (i.e., the

value of fi(ao, bm) at the disturbance maximum) to fi(ao, 8 = 0), where
the disturbance is at a minimum for all a > 3, is close to 3.32 - i.e.,
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Blat = fi(a‘o) em)/fi(aO, O) = 3.22.

The mathematical meaning of the results obtained can be readily
understood. It follows from (9) that for agp 3’3, fi(ao, 9) depends not
on the two parameters ap and 8, but on one parameter £ = ay sin 6,
since the last two terms in (9) equal zero for ap 2 3. By determining
the angular functilon in the form (9), we performed integration in (7)
with respect to the contour C*, i.e., we employed the properties of the
function at the cortour, where Y(ao sin G,t) has its own peculiarities.
When the contour Cp istraversed (Figure l), it is possible to determine
the same function fi(ao, 8), but employing the features 8(t). As can Dbe
seen from (8), @(t) has features only in the form of discrete poles, which
lie at the same points where the function W(z) has zeros:

Wiz) =1 —ze= \evdi 1 £ 2o = 0. (10)

By determining the roots zn(lO), we can determine fi(ao, 8) as the sum of
the residues along all the poles.

The physical meaning of the obtalned angular distribution for the
disturbance behind the body can be readily understood.

If substitution is performed in W(z) in the form of (10):
I 1y @ -~ iw” -
co3 0 — = —— — = Ji,

I

by

Fa

- =

then W(z) is the left side of the dispersion equation

7 Ti .

713;+1‘53iF (31) = 7, B I (3e) = 0,

which determines the possible spectrum of longitudinal fluctuatiqns in an
electron-ion plasma, which correspond to ion sound waves (Ref. .

The dispersion law for such acoustic waves for T; T T, is known /258
(Ref. 10), namely:
o(k)=0o" @)= iw k)= AU EWAS (1 =1:0,36) 7.

Since w"(k) and w’(k) are comparable, these sound fluctuations must be
greatly attenuated in a plasma having a single temperature.

Thus, for the supersonic motion of the body which is presently being
examined, phenomena related to the generation of acoustic waves are possible
in the distribution of ions around A, and do actually appear. The maximum
perturbation of the ion concentration is observed on a surface coinciding
with the Mach cone for ion-sound waves (sce Figure 2) at angles of
Bn = arctg 1.3032kT 7 MVg=2. However, due to the fact that these waves are
strongly attenuated, this Mach cone is less sharply expressed than in normal
hydrodynamics. The kinetic energy of the body is the encrgy source of wave
excitation, i.e., the body is damped.
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2. Perturbation in the Vicinity of a Weakly-Charged Cylinder (Ro2,D)

Just as in the case of a sphere, when an infinitly long cylinder C
moves in a plasma, two regions can be distinguished behind it: the close
region () where the perturbation éNi(r) of the ion concentration is large,
and the far region {k, where 6Ni(r) is small. Such a problem is similar

to the problem for a sphere. Its solution in Fourier components has the
following form:

. J
N _ 1 —lSn(u—-Vn\—iqdu’
e Mo nu ! Muty !
kT ) m g — vy =TS 5P L — i) (11)
where the function J(u), Just as in the case of a sphere, is described in
the form

j(ll)ZRROIU—VO,!fOQ’tﬂROfOVQ- (12)

Substituting (12) in (11), we find that
— 9 Fly
Ny = 206Noto ¢ (p ap Tay (13)
where F(a) is determined in the formm of (2a). The reverse Fourler transfor-

mation .
BN (+) = e | azqmvgeins

(" (14)

at the pol=ar coordinates r, 6 yields
R 1 v F (agcosa)da
ON () = gy |

[se]

: giqrcos (0—a)d(_
Y 2 --iagcos ol (apcosa) R 7
0 0

The integral with respect to dq diverges for large q, which is related to
the fact that Nq in the form of (11) is valid only for small q(q<{ l/Boa).
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For large g, i.e., at small distances from C, N9 decreases more rapidly
than 1/q. Therefore, in order to attribute the correct meaning to the
integral with respect to dq, we must make it convergent, but must not
change the behavior of the integrand for small g. In order to do this,
let us go around the contour c* (see Figure 1). After the circuit, we
have

cos (6 —a)

[ eiorcos 0-1dg — = [ooos(® —a) + T (15)
0

where the symbol P.V. means that the integral must be taken in the /259
meaning of the principal value. Finally, in the region §s the ion distribu-
tion for the cylinder is:

SN, (r, 0) R
— = 42 aofic (g0, 0). (16)

Here

Jic (@, 6) = Re D (a, sin 6) + % P.V. i_““_“’_@ﬁ) do. (17)

; cos (6 —a)

and ®(ag, t) is determined from (8). As can be seen from (16), at large dis-
tancis from the cylinder the perturbation of ion concentration decreases
as 1/r.

The angular function fic(ao, 9) is calculated for the values ao=8,7...1.
The results are shown in Figures 3 and 4. TFigure 3 is constructed in a
Descartes coordinate system; the angle 0 is plotted along the abscissa, and
the absolute value fic(ao, 0) is plotted along the ordinate. In Figure 4,
fic(ao, 0) is formulated in a polar coordinate system. The angular /260
functions f.(ao, 8) for a sphere and a cylinder in the case of ap= 8 and 3
are compare& in Figure 5. It can be seen from Figure 5 that fi(ao, 8) and
fic(ao, 0) have the same nature. The maximum perturbation corresponds to
angles which are close to Gm for a sphere.
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In constrast to the sphere A, for fic(ao, 8) a similarity is observed

for fi0(ac, 8) in the case of large ac (age 3 6), and has the following
features:

 f{an 0=0,,) ‘

qurzi;i /Um?@Z:UT_QCOHbLﬂV1’O3 (18)
lim fSpE»:L
a1 S eyl (19)

The latter condition is related to the fact that when the cylinder
moves it excites cylindrical ion-sound waves, while a sphere excites
spherical waves, whose intensity must be T times greater than that of
cylindrical waves. It can also be assumed from (18) and (19) that the

zone (& in a moving cylinder begins approximately 1 times farther away
than in a sphers.

3. ©Small Body

Iet us now examine a body moving in a plasma with the charge Q = Ze.
The dimensions of this body are much smaller than the Debye radius, and
we shall regard it as a "point" body. More precisely, the smallness of
the body is determined by means of criterion (23). We must keep the fact

in mind that the solution of this problem will be valid in specific cases
for bodies having finite dimensions.

The perturbation of the ion concentration was determined in the work
(Ref. 5) by the perturbation method, The Fourier component N, in the

first approximation in powers of 4€ q has the following form without a
magnetic field: kT
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w_ =z
No' = sgrretaariay (20)
However, it was shown in the work (Ref. 1, 2) that at large distances from
the body the results of (Ref. 5) areeincogrect, since in this case the 1261
terms which are proportional to (qZe /kT) must also be taken into consid-
eration. In the PFourier components, the corresponding solution is as

follows:

—1 A
g J(u) quufm .
([VIVo

(21)

For a point body, the function J(u) equals the number of ions scattered
per unit of time by the field of the body charge.

M 2
7 (@) = 2cfolNo {ad+ g (Vive — (Vav)) 6% (0) p dp. (22)

If the charge of the body A is sufficiently small, and if

Zer 1 ee(D) _ eqD
WD TS ol = Tmite b (23)

then the field m(r), which penetratesthe plasma farther than D, is small
and its contribution to the scattering cross section can be disregarded.
In this case, the main contribution to J(u) is only made by the values
of ‘the impact parameter p which are smaller than the Debye radius, where
it can be assumed that it is a Coulomb field.

However, for purposes of simplification we shall not truncate the
radius of action of the Coulomb forces, but rather the impact parameters
p, assuming that the maximum value of ¢ equals D. In other words, it
is assumed that ions are influenced by o(r) throughout all of the motion
in the case of p < D.

The computational results finally yield (Ref. 1, 2):

— VO e Tz S
Vo= N+ N8 = 3T - waro

D4 [1——(11—%)21{{(1—2a2)l7(a)+2ia} (24)
— 2aNyae hl}ﬂ__“_‘___*_z(DqV—k2—+iaF(a) ,

and the perturbation N(r) i1s determined - just as above - by means of
inverse N, - Fourier transformation. The complete computation, however,
is compleX, and it is impossible to complete it analytically. Therefore,
we shall first examine perturbation of ion concentration at large dis-
tances from a charged body. According to (24), the quantity Nq has an
asymptotic form in the case of Q — 0:
;A @ =L
Nog=Ng'+ .V = 2+ wal (a)
Vo2
D D [1—(11-*1,—2) ]{(1—2a2)p(a)+2m} (25)

—_ ) .ot S D A ,
2nNgaqe2 in o 7 2 il ()
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Introducing a spherical coordinate system with the axis along Vo and
designating the angle between r and V, by means of 6 as 1s usually done,
we have:
SN (r) = O.V{V (1) 4+ 8NP (r) =
Z ¢ C . . .
= gy \ K (@at) de | Jo (gr sin 0V T—1%) e % 2dg —
Q

0

- Noage? In D/px.\: (=13 (4 — 2a33) £ (aut) + iagt

45 T2 T iaotF (agt)
Y]

§ qdq x

X Jo (qrsin@ VL= f2) glarcos 0, (6)

where K (ay t) = [1 + 0,5iaF (a)]™.

The integrals in (26) with respect to dgq diverge for large g, which 1s Zgég
due to the fact that (25) is only valid for small q. Therefore, in order

to attribute the correct meaning to 5N(r), integration with respect to g

in (26) is performed along the contour o (see Figure l)- Taking into
account the given selection of branches and integrating the first term by
parts three times in (26) - and the second term, two times - we finally

have:

_ZD? Noagaz In Do,

SN (r, agf) = fi gy O)— =% 2= (2 £ (a, 0), (27)

r3

-“here
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sin @
f1 (a0 9)=2ﬂ%3—[ao S Re K" (agt) V SinZ8 — 2 dt —

0
1

—2cos0Im A" (a) - a, K Im K" (at) Vi —sin®0dt +
sino
-+ cos?9 {—;— ao Re K" (ag sin 8) — ao Im K" (a4 sin 0) In sin 6 —
’ sin 0
—ao Im K" (ap) cos 8 1n (1 + cos 0) —aj \ Re K" (aot) arcsin

P
o

dt +-

sin 6
1
+ai \ ImK"(at)In(t + ViE—